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Abstract 


The  basic  research  carried  out  at  the  University  of  California,  San 
Diego,  on  the  study  of  avalanche  discharge  lasers  with  partial,  and  at  times 
/  intermittent,  funding  support  from  the  Defense  Advanced  Research  Projects 
V^jAgency  under  Contract  N00014-76-C-0116  over  an  eight-year  period,  1975  - 
1983  ,  is  summarized.  This  research  has  resulted  in  many  important 
scientific  discoveries  and  generated  much  basic  data  which  are  of  great 
value  in  the  engineering  development  of  high-power,  short-wavelength  gas 
lasers.  The  most  noteworthy  of  these  is  our  discovery  that  X-ray  is  far 
superior  to  both  ultraviolet  light  and  electron  beams  as  a  preionization 
source  for  homogeneous  initiation  of  very  large  volume,  pulsed  avalanche 
discharges  at  high  gas  pressures.  Another  important  discovery  is  that 
such  pulsed  discharges  can  be  stably  sustained  at  high  current  densities  over 
relatively  long  periods  of  time  {  ~  hundreds  of  nsec  )  using  suitable  pulse 
forming  networks.  However,  in  the  case  of  the  rare  gas  halogen  excimers, 
the  laser  pulse  duration  is  often  kinetics -limited. 


I.  INTRODUCTION 

The  effectiveness  of  high  current  density  pulsed  avalanche  discharges 
in  the  excitation  of  high-power,  short-wavelength,  electronic -transition  gas 
lasers  was  first  demonstrated  by  Leonard  in  1965.  *  Using  molecular 

nitrogen  at  20  torr  initial  pressure  in  a  transverse  discharge  of  0.  3  x  2.  5 

3  2 

X  200  cm  dimensions  (  0.  15  liter  total  volume  ) ,  ~  0.  7  kA/cm  peak  cur¬ 
rent  density,  and  ~  100  n sec-duration,  Leonard  had  observed  peak  laser  out¬ 
put  power  of  up  to  200  kW  and  20  nsec  duration  from  the  second-positive 
band  of  N£  in  the  near  ultraviolet  (  X  ~  337.  1  nm).  The  maximum  pres¬ 
sure  that  can  be  used  for  homogeneous  formation  of  a  short  duration  (  ~  20 
nsec )  pulsed  avalanche  discharge  of  comparable  dimensions  in  N^  and  in 
^/SFg  gas  mixtures  has  subsequently  been  extended  to  about  200  torr  by 
the  research  group  at  UC  San  Diego  in  1974  through  the  use  of  a  synchronous 
uv  preionization  pulse  in  conjunction  with  a  fast-rise-time,  distributed  Blum- 
lein-type  discharge  circuit.  ’  The  observed  peak  power  output  of  the  N^ 
ultraviolet  laser  was  accordingly  increased  to  the  3  MW  level  at  a  single¬ 
pulse  energy  conversion  efficiency,  T)g  [defined  here  as  the  laser  output 
pulse  energy /initial  energy  storage  in  the  PFN  (Pulse  Forming  Network)], 
of  about  0.  1%  .  In  addition  to  these  earlier  nitrogen  laser  experiments,  the 
use  of  such  fast-rise-time  pulsed  avalanche  discharge  (  "fast  discharge"  )  for 
the  pumping  of  other  high  power,  short-wavelength,  electronic -transition  gas 

lasers,  including  the  more  recently  discovered  rare  gas  halide  and  mercury 
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halide  excimer  lasers,  have  also  been  reported  by  many  investigators. 

Due  to  the  limited  range  of  ultraviolet  light  as  a  preionization  source  in  high 


pressure  gases,  however,  the  homogeneous  avalanche  volume  in  these 
reported  experiments  was  generally  quite  small  (typically,  some  minor 
fraction  of  1  liter ). 


vi 


It  should  be  mentioned  in  passing  that  transverse  discharges  have  been 

used  for  the  pumping  of  long -wavelength  (  X  ~  10.  6  |jtm)  C02  laser  at  high 
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gas  pressures  since  1970.  *  However,  the  optimum  field  strength  for 

efficient  pumping  of  this  vibrational/ rotational-transition  laser  is  significant- 

1 8 

ly  below  the  avalanche  threshold.  Accordingly,  the  most  suitable  dis¬ 
charge  for  efficient,  high-power  pumping  of  the  CO^  laser  is  of  the  artifi¬ 
cially-sustained  type,  such  as  by  a  high-voltage,  electron-beam  source 

introduced  into  the  high-pressure  gas  through  a  thin  foil-window  for  main- 

19 

taining  a  steady- state  number  density  of  free  electrons  .  For  pumping 
of  some  rare  gas  halogen  excimer  lasers,  especially  XeCl  ,  the  electron- 
beam- sustained  discharge  experiments  at  UC  San  Diego  indicated  that 
at  a  fixed  e-beam  current  density,  the  XeCl  laser  power  output  and  genera¬ 
tion  efficiency  tended  to  increase  rapidly  and  monotonically  with  the  field 
strength  to  gas  density  ratio  E/n  ,  starting  from  E/n  =  0  and  continuing  up 
to  the  avalanche  threshold.  This  suggested  that  for  the  excitation  of  most 
high-power,  short-wavelength,  electronic -transition  lasers,  the  optimum 
E/n  and  current  density  are  above  the  avalanche  threshold  and  beyond  what 
can  be  conveniently  provided  by  am  externally- sustained  electrical  discharge. 

In  1977,  the  use  of  X-ray  as  a  preionization  source  for  homogeneous 
initiation  of  large  volume,  high  pressure,  pulsed  avadanche  discharges  was 
proposed  by  Principal  Investigator  (  author  of  this  Final  Technical  Report ) 
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at  UC  San  Diego.  (Actually,  a  proposal  to  explore  this  same  idea  was 
submitted  by  the  Principal  Investigator  to  the  Defense  Advanced  Research 
Projects  Agency  as  early  as  1974,  but  no  serious  work  was  started  at  that 
time  due  to  a  lack  of  funding  support. )  In  1978,  with  the  basic  research 
support  from  DARPA  under  Contract  N00014-76-C-0116  and  a  small  ( $20K ) 
but  crucial  supplemental  funding  from  the  Office  of  Naval  Research  under 
Contract  N00014-77-C-0692 ,  the  Principal  Investigator  and  his  graduate 
student  Jeffrey  I.  Levatter  at  UC  San  Diego  had  achieved  an  important  break¬ 
through  in  demonstrating  not  only  that  the  X-ray  preionization  idea  really 
worked,  but  also  that  the  laser  performance  resulting  from  the  use  of  this 
preionization  method  in  conjunction  with  a  low-impedance,  transmission- 
line-type  pulse  forming  network  for  sustaining  the  discharge  current  and  a 
short-rise -time,  rail-gap-type  switch  for  sudden  application  of  the  super  ¬ 
avalanche  field- strength  E  ,  had  far  exceeded  what  could  be  expected  from 

22 

the  initial  experiments. 

The  X-ray  preionized  discharge  system  constructed  at  UC  San  Diego 

22 

and  used  in  the  first  demonstration  experiments  just  mentioned  is  illus¬ 
trated  in  Fig.  1.  The  gas  handling  system,  also  constructed  with  primary 
funding  support  from  Contract  N00014-76-C-01 16  for  the  study  of  high-power 
lasers  involving  halogen  and  other  corrosive  gases,  is  shown  in  Fig.  2.  Using 
the  discharge  system  illustrated  in  Fig.  1  with  a  0.5  0  water -dielectric 
transmission  line  and  associated  electrical  circuits  shown  in  the  schematic 
diagrams.  Figs.  3(a)  and  (b),  it  was  found  that  spatially  homogeneous, 
pulsed  avalanche  discharges  of  up  to  2.  5  liter  volume  can  readily  be  generated 
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Fig.  1  Photograph  of  the  multi-liter-volume,  x-ray  preionized , 
pulsed  avalanche/self-sustained  discharge  apparatus  at 
UC  San  Diego. 


in  several  rare  gas-halogen  mixtures  at  1  atm  initial  pressure.  The  dis¬ 
charge  was  also  found  to  be  temporally  stable  over  the  100  nsec  pulse  dura¬ 
tion  corresponding  to  the  electrical  length  (  2-way  wave  propagation  time ) 
of  the  transmission  line.  The  ultraviolet  XeCl,  XeF,  and  KrF  laser  out¬ 
put  beams  were  of  uniform  intensity  over  a  cross-sectional  area  comparable 
to  that  of  the  homogeneous  discharge  ( Fig.  4  ).  The  laser  output  power  ob¬ 
served  during  the  stably- sustained  phase  of  the  discharge  was  approximately 
20  MW.  The  corresponding  single-pulse  energy  conversion  efficiency.  Tig.  , 
was  about  1.4%.  A  smaller  volume  (  —  0.  18  liter)  X-ray  preionized  dis¬ 
charge  experiment  was  also  reported  by  Sumida,  Obara,  and  Fujioka  in 

23 

1978,  with  KrF  laser  output  pulse  energy  of  up  to  about  80  mJ  over  a 
pulse  width  of  ~  30  nsec  ( i.  e. ,  ~  3  MW  peak  power  )  at  an  energy  conver¬ 
sion  efficiency  of  about  1  %. 

The  experimental  pressure  range  for  X-ray  preionized  pulsed  aval¬ 
anche  discharges  in  rare  gas -halogen  mixtures  was  extended  to  about  5  atm 
by  a  research  group  at  the  Shanghai  Institute  of  Optics  and  Fine  Mechanics, 
Shanghai,  China,  in  1980.  ^  Using  a  highly  diluted  Ne/Xe/HCl  mixture  in 
a  0.  19  liter  volume  discharge  of  ~  70  nsec  duration,  the  XeCl  laser  output 
at  308  nm  was  found  to  increase  linearly  with  the  gas  pressure  at  a  fixed 
transmission  line  charging  voltage  ( or,  equivalently,  at  a  fixed  current  den¬ 
sity,  since  the  plasma  resistance  was  considerably  lower  than  the  line  im¬ 
pedance  ).  At  a  fixed  gas  pressure,  the  laser  output  was  found  to  increase 
linearly  with  the  charging  voltage  or  current  density.  The  observed  speci¬ 
fic  power  output  of  the  XeCl  laser  per  liter  of  discharge  volume  was  about 


100  MW  at  the  highest  gas  pressure  (  ~  5  atm)  and  current  density  (  ~  1 
2 

kA/cm  )  tested  in  one  of  the  gas  mixtures.  These  results  are  of  consider¬ 
able  engineering  significance  since*  according  to  the  analysis  of  Levatter 
25 

and  Lin,  one  should  be  able  to  generate  homogeneous  pulsed  avalanche 

discharges  of  very  large  volume  at  a  very  low  cost  of  preionization  energy 
6  3 

( e.  g . ,  neo  ~  10  electrons/cm  ,  or  approximately  0.1  mJ/liter,  assuming 

22 

an  X-ray  generation/utilization  efficiency  of  0.  005%,  and  an  energy  cost 
of  ~  30  eV  to  produce  an  electron-ion  pair).  Thus,  if  the  100  MW/liter 
specific  power  output  observed  in  Ref.  24  can  be  maintained  over  pulse  dura¬ 
tions  of  the  order  of  1  (jsec  as  has  been  observed  in  some  electron -beam- 
pumped  XeF  laser  experiments,  ^  generation  of  1  to  10  kJ  uv  laser  pulses 

of  interest  in  inertial  confinement  fusion  research  (assuming  sufficiently 

27  28 

high  pulse -compression  efficiency)  ’  may  require  a  very  modest  homo¬ 
geneous  discharge  volume  of  only  10  to  100  liters.  In  comparison  with  the 
alternative  e-beam  method  for  large  volume  pumping  of  the  rare  gas  halogen 
excimer  lasers,  **  the  X-ray  preionized  discharge  method  appears  to  offer 
the  advantage  of  being  compatible  with  high  pulse -repetition- rate  operations 

commonly  required  in  most  engineering  applications  due  to  the  absence  of 

22 

any  fragile  foil  windows  in  the  latter  method  of  excitation. 

The  long  pulse  behavior  of  the  X-ray  preionized,  pulsed  avalanche/ 

self- sustained  discharge -pumped  XeCl  laser  has  been  studied  by  Levatter, 

29 

Robertson,  and  Lin  at  UCSD  in  1981,  using  the  experimental  arrangement 
described  in  Ref.  22  (Fig.  3  )  but  with  the  electrical  length  of  the  water- 
dielectric  transmission  line  extended  to  200  nsec.  The  discharge  was 


w via 


found  to  be  homogeneous  and  stable  over  the  whole  200  nsec  duration  for  all 


the  gas  samples  tested  (He/Xe/HCl  and  Ne/Xe/HCl  mixtures  of  various  mol 
ratios  at  gas  pressures  between  1  and  3  atm).  However,  the  XeCl  laser 
output  power  and  waveform  were  found  to  be  sensitive  to  the  mixture  composi¬ 
tion  and  gas  pressure.  In  particular,  at  the  higher  gas  pressures,  the  laser 
power  output  was  found  to  fall  off  rapidly  before  the  stably  self- sustained  dis¬ 
charge  was  terminated  in  some  of  the  gas  mixtures.  Such  premature  termi¬ 
nation  of  the  laser  pulse  was  not  caused  by  a  sudden  depletion  of  the  HC1  mol 
fraction  during  the  discharge.  Instead,  it  was  quite  possibly  a  quenching 
phenomenon  associated  with  some  as  yet  unidentified  reaction  product  or  pro¬ 
ducts  generated  by  the  gain -switching  process  or  by  some  higher-order  chem¬ 
ical  reactions  in  the  discharge  plasma.  This  conclusion,  which  was  drawn 

from  the  computational  results  of  an  elaborate  computer  code  developed  by  the 
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Principal  Investigator  and  his  graduate  students  at  UC  San  Diego  '  for 

tracking  the  energy  transfer  processes  and  plasma  chemistry  during  the  tran- 

32 

sient  discharge,  is  quite  different  from  the  suggestion  made  by  Hogan  et  al 
that  a  similar  premature  termination  of  both  the  XeCl  spontaneous  emission 
and  laser  pulses  observed  in  their  small  volume  (  ~  0.  017  liter),  resistively- 
ballasted,  pin-electrode  discharge  can  be  explained  in  terms  of  HC1  depletion 
in  the  active  volume  even  though  the  specific  electric  power  input  rate  in  their 

3 

experiment  (  270  kW/cm  )  was  only  about  one-half  the  power  input  rate  in  the 
experiments  reported  in  Ref.  29. 

The  behavior  of  XeCl  excimer  fluorescence  and  laser  emissions  at  very 
high  gas  pressures  (  2  <  p  <  15  atm)  and  current  densities  (  0.  6  <  j  <2 


10 


using  a  very  small 
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kA/cm  )  was  studied  by  Lou,  He,  and  Lin  in  1982 

volume,  high-pressure  discharge  system  recently  constructed  at  UC  San 
Diego  with  partial  funding  support  from  the  Office  of  Naval  Research  under 
Contract  N00014-79-C-0955  (Fig.  5  ).  Premature  termination  of  both  the 
XeCl  fluorescence  and  laser  pulses  were  again  observed  and  found  to  be  more 
severe  at  the  higher  gas  pressures  and  current  densities.  A  good  under¬ 
standing  of  this  premature  pulse -termination  phenomenon  is  obviously  im¬ 
portant  for  the  future  development  of  this  high  power  excimer  laser  not  only 
from  the  point  of  view  of  increasing  the  pulse  energy  output  per  unit  volume, 
but  also  from  the  point  of  view  of  increasing  the  laser  generation  efficiency. 
As  noted  in  Ref.  29»  a  single-pulse  energy  conversion  efficiency  of  about 
4  %  can  already  be  obtained  from  the  XeCl  B  -*  X  ultraviolet  laser  using  the 
sampled  gas  mixture  Ne  :  Xe  :  HC1  =  989  :  10 :  1  if  the  discharge  pulse  dura¬ 
tion  is  matched  to  the  laser  pulse  duration  and  if  the  transmission  line  im¬ 
pedance  is  properly  matched  to  the  plasma  resistance.  Further  research 
in  this  area  may  well  lead  to  new  choices  of  gas  mixtures  and/or  discharge 
parameters  which  would  allow  operations  of  this  very  promising  class  of 
high-power,  short -wavelength  lasers  at  even  higher  energy  conversion  effi¬ 
ciencies.  Unfortunately,  this  work  could  not  have  been  completed  prior  to 
the  termination  of  the  present  research  contract. 

In  addition  to  the  pulse -termination  phenomenon  just  mentioned,  there 
were  two  other  interesting  research  topics  related  to  the  XeCl  laser  in  pro¬ 
gress  but  also  could  not  have  been  completed  prior  to  the  termination  of  the 
present  contract.  One  is  the  determination  of  the  co-spectral  gain  and 
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absorption  coefficients  in  the  discharge -excited  plasma.  The  other  is  the 
variation  of  FWHM  width  of  the  XeCl  B  -  X  spontaneous  emission  spectrum 


with  gas  pressure  and  mixture  composition.  Both  topics  are  very  much  rele¬ 
vant  to  the  problem  of  mode -buildup -time  and  optical-power -extraction  effi¬ 
ciency  under  various  excitation  conditions. 

In  the  sections  that  follow,  all  the  essential  results  from  the  research 
work  performed  at  UC  San  Diego,  whether  supported  in  whole  or  in  part  under 
Contract  N00014-76-C-0116  ,  are  summarized.  To  avoid  unnecessary  dupli¬ 


cation,  research  results  which  have  already  been  reported  in  the  form  of  pub¬ 
lished  papers  in  archive  journals  or  in  the  form  of  doctoral  dissertations  are 
summarized  by  brief  abstracts  under  the  respective  titles  together  with  the 
names  of  authors,  date  and  place  of  publication.  Research  results  not  yet 
published,  on  the  other  hand,  are  presented  in  the  last  two  sections  as  full 
manuscripts  being  prepared  for  journal  publication. 
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II.  TIME  BEHAVIOR  OF  SECOND-POSITIVE  EMISSIONS  FROM  A 


FAST-DISCHARGE  N2  +  SF&  LASER*  (R.  P.  Akins  and  S.  C. 

Lin,  paper  published  in  Applied  Physics  Letters,  Vol.  28,  No.  4, 

15  February  1976,  pp.  221  -  223) 

Summary 

The  time  behavior  of  spectrally  resolved  N^  second-positive  emis¬ 
sions  recently  observed  in  our  fast-discharge  N^  +  SFg  laser  reveals  some 
surprising  features  that  cannot  be  explained  on  the  basis  of  SFg  -  catalyzed 

3 

vibrational  relaxation  or  collisional  quenching  of  the  lower -laser -level  B  IIU . 

Instead,  they  suggest  the  existence  of  an  extremely  fast  excitation  process 

3 

for  the  upper-laser-level  C  IIU  involving  SF ^  as  an  intermediary,  although 
the  kinetic  path  for  such  a  process  remains  unclear. 


*Work  supported  by  the  Defense  Advanced  Research  Projects  Agency  and 
monitored  by  the  Office  of  Naval  Research  under  Contract  N00014-76- 


III.  EFFECTS  OF  FIELD  BROADENING  AND  PUMP  LINE  SELECTION 
ON  MULTI-LEVEL  ABSORPTION  IN  MOLECULAR  SYSTEMS** 

( S.  C.  Lin  and  J.  H.  Morris,  paper  published  in  Journal  of  Quantita¬ 
tive  Spectroscopy  and  Radiative  Transfer,  Vol.  17,  No.  5,  May  1977, 
pp.  577  -  593  ) 


Summary 

The  problem  of  multi-level  absorption  of  i.  r.  laser  radiation  in  poly¬ 
atomic  gases  is  examined  using  the  density  matrix  formalism.  The  general 
condition  under  consideration  is  that  field  broadening  effects  are  significant, 
but  the  detailed  and  discrete  features  of  the  absorption  spectra  remain  very 
important.  Collisional  effects  are  taken  into  account  through  macroscopic 
relaxation  terms,  but  the  cumulative  effects  of  collisional  relaxation  are  as¬ 
sumed  to  cause  only  minor  perturbations  to  the  overall  vibrational- rotational 
populations  over  the  optical  pumping  time  scale  of  interest.  Various  approxi¬ 
mate  formulae  are  then  derived  for  locating  the  optimum  frequency  for  optical 
pumping  of  three  consecutive  anharmonic  vibrational  levels  within  a  given  nor¬ 
mal  mode  and  for  predicting  the  intensity-  and  frequency-dependence  of  the 
resultant  uppermost  level  population  density  during  a  quasi-steady  state  balance 
among  the  absorption,  stimulated  emission,  dephasing  collision  and  rotational 

**Work  supported,  in  part,  by  the  Defense  Advanced  Research  Projects 
Agency  and  monitored  by  the  Office  of  Naval  Research  under  Contract 


N000 14-76 -C -01 16. 


relaxation  rates.  Numerical  examples  are  illustrated  for  pumping  of  the 
three  lowest  vibrational  levels  within  the  non-degenerate  asymmetric  stret¬ 
ching  mode  of  the  linear  triatomic  molecule  CO2  for  which  the  absorption 
spectra  are  relatively  simple  and  well  known.  Some  possible  applications 
of  these  results  to  the  problem  of  i.  r.  laser  frequency  conversion  and  to  the 
interpretation  of  wavelength- selective  i.  r.  photodissociation  recently  obser¬ 
ved  in  many  symmetric  top  molecules,  such  as  BClj  ,  SiF4  and  SF^  for 
which  the  absorption  spectra  are  much  more  complex  and  the  spectroscopic 
constants  much  less  certain,  are  also  discussed. 


IV.  OPTIMAL  TIMING  AND  POWER  ENHANCEMENT  OBSERVED  IN 


A  DOUBLE-PULSE  FAST -DISCHARGE -DRIVEN  XeF  LASER  t 
(R.  P.  Akins,  G.  Innis,  and  S.  C.  Lin,  paper  published  in  the 
Journal  of  Applied  Physics,  Vol.  49,  No.  4,  April  1978,  pp.  2262- 
2264) 

Summary 

A  surprisingly  long  delay  time  (of  the  order  of  10  jasec  )  is  found 
necessary  for  maximum  enhancement  of  the  output  power  and  energy  from 
the  main  pulse  of  a  0.  1 -liter -volume  Blumlein-driven  XeF  excimer  laser 
when  another  fast-discharge  pulse  of  about  0.  1  -|jsec  duration  and  10%  of 
the  main  discharge  energy  is  used  to  preionize  or  otherwise  "precondition" 
the  gas  mixture.  At  such  optimal  timing,  a  factor -of -5  enhancement  of  the 
UV  laser  output  (3510  <  X  <  3537  X  )  has  been  observed  in  a  He  :  Xe  :  NFj 
mixture  at  an  overall  generation  efficiency  of  1.3%. 


*Work  supported  jointly  by  the  U.  S.  Energy  Research  and  Development 
Administration  through  the  Lawrence  Livermore  Laboratory  Purchase 
Order  No.  3216503  for  Contract  W -7405 -ENG  48  and  the  Defense  Ad¬ 
vanced  Research  Projects  Agency  under  Contract  N00014-76-C-01 16 
monitored  by  the  Office  of  Naval  Research. 
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V.  ELECTRON-BEAM-CONTROLLED  DISCHARGE  XeCl  EXCIMER 
LASER*  ( J.  I.  Levatter,  J.  H.  Morris,  and  S.  C.  Lin,  paper 
published  in  the  Applied  Physics  Letter,  Vol.  32,  No.  10,  15  May 
1978,  pp.  630-632) 


Summary 

A  large-volume  (  6  -  liter  )  electron-beam-controlled  discharge  of  about 
1  i^sec  duration  in  a  Xe/Ar  mixture  with  HC1  as  the  chlorine  donor  has  been 
utilized  to  achieve  efficient  XeCl  laser  generation  at  3080  A.  At  a  fixed  gas 
pressure  and  e-beam  current,  the  laser  output  is  found  to  increase  rapidly 
with  the  initial  sustainer  field  strength  up  to  the  spontaneous  breakdown  limit. 
Near  such  a  limit,  a  factor-of-  25  enhancement  of  the  XeCl  laser  output  ener¬ 
gy  over  that  due  to  e-beam  pumping  alone  has  been  observed  at  1  atm  total 
pressure.  The  specific  output  pulse  energy  density  and  laser  efficiency  based 
on  total  energy  deposition,  of  0.  5  J/liter  atm  and  0.7%,  respectively,  are 
beginning  to  approach  the  best  values  reported  in  the  literature  for  the  XeF 
and  KrF  lasers. 


*Work  supported  by  the  Defense  Advanced  Research  Projects  Agency  under 
Contract  N00014-76-C-0116  monitored  by  the  Office  of  Naval  Research. 
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VI. 


ELECTRON  VELOCITY  AND  ENERGY  DISTRIBUTIONS  IN  A 


HOMOGENEOUS  AVALANCHE  DISCHARGE  -  WITH  APPLICATION 
TO  RARE  GAS  HALIDE  LASER  EXCITATION  * 

( H.  H.  Luo,  Ph.  D.  Dissertation.  University  of  California ,  San 
Diego,  1978;  University  Microfilms  Dissertation  Copies  Order 
Number  79-04141  ,  P.  O.  Box  1764,  Ann  Arbor,  Michigan  48106  ) 

Summary 

The  problem  of  determining  the  electron  velocity  and  energy  distri¬ 
bution  functions  during  transient  avalanche  discharges  in  gas  mixtures  with 
many  elastic  and  inelastic  collision  processes  is  examined.  The  single¬ 
electron  distribution  functions  are  obtained  by  numerical  solution  of  the 
Maxwell -Boltzmann  equation  under  the  following  assumptions:  ( 1  )  The 
gas  is  homogeneous  in  space  and  the  electric  field  is  constant  in  direction 
and  also  spatially  uniform.  (  2  )  The  fractional  changes  of  the  electric 
field  and  electron  number  density  ( caused  by  the  ionization,  recombination, 
and  attachment  processes  )  within  the  average  time  between  two  successive 
collisions  of  an  electron  are  very  small.  That  is,  |  dSnE/dt  |  °  Tco^  «  1 
|  d0nne/dt  |  •  TCQ^  «  1  ,  so  that  a  quasi- steady- state  distribution  of  elec- 

*Work  supported,  in  part,  by  the  Defense  Advanced  Research  Projects 
Agency  and  monitored  by  the  Office  of  Naval  Research  under  Contract 


N00014-76-C-0116. 


tron  energy  exists  at  all  times.  (Here,  E  denotes  the  electric  field 
strength,  ng  is  the  number  density  of  free  electrons,  and  Tco^  is  the 
mean  collision  time  of  the  free  electrons  in  the  gas  mixture.  )  The  vali¬ 
dity  of  the  second  assumption  has  been  verified  through  numerical  solution 

of  some  typical  examples  of  fast  discharges  with  current  rise  times  and 

-8 

pulse  durations  of  the  order  of  10  sec  (  10  nsec  ).  Sample  solutions  of 
the  electron  energy  distribution  functions  in  discharges  in  pure  He  and 
in  He/Xe/F2  mixtures  are  obtained.  From  these  distribution  functions, 
the  mean  electron  energy,  the  mean  electron  drift  velocity,  the  rate  coef¬ 
ficient  for  each  process,  and  the  electron  avalanche  (or  decay)  rate  are 
also  obtained.  The  electron-electron  and  electron-ion  Coulomb  collisions, 
important  at  high  degrees  of  ionization  in  any  gas  mixture,  are  included  in 
these  calculations. 

The  numerical  solutions  of  the  Boltzmann  equation  are  applied  to  the 
study  of  the  excitation  processes  in  fast-discharge -driven  Xel  excimer 
lasers.  From  the  electron  energy  distribution  function,  all  the  reaction 
rate  coefficients  in  processes  involving  the  free  electrons  can  be  obtained 
as  functions  of  E/n  (  ratio  of  the  electric  field  strength  to  the  total  molecu¬ 
lar  number  density),  and  the  species  mol  fractions  in  the  excited  plasma. 
The  results  are  compared  with  experiments  and  with  the  results  obtained 


by  the  moments  method. 


VII.  AN  EXPERIMENTAL  STUDY  OF  OPTICAL  PHASE  FLUC¬ 
TUATIONS  IN  A  RANDOM  REFRACTIVE  FIELD** 

(R.  L.  Sandstrom,  Ph.  D.  Dissertation,  University  of  California , 
San  Diego,  1979;  University  Microfilms  Dissertation  Copies  Order 
Number  79-21493,  P.  O.  Box  1764,  Ann  Arbor,  Michigan  48106  ) 


Summary 

2 

A  heated  grid  subsonic  turbulence  tunnel  of  52  x  52  cm  cross  section 
is  used  to  study  the  phase  perturbations  induced  in  a  laser  beam  by  the  ran¬ 
dom  refractive  field.  The  phase  measurements  are  carried  out  by  a  dual¬ 
beam  laser  heterodyne  interferometer  specially  built  for  the  experiment. 

The  interferometer  is  capable  of  probing  the  refractive  field  along  two  para¬ 
llel  ray  paths  simultaneously,  yielding  single-  and  two-path  statistics  over 
a  mutual  separation  distance  which  is  variable  from  1  mm  to  about  8  cm. 

Measurements  of  the  temperature  field  by  fast  platinum  resistance 
probes  show  temperature  fluctuations  of  up  to  2  °C  RMS  at  the  highest  grid 
heating  rates  (  225  kW  ).  Temperature  structure  functions  indicate  that  the 

turbulence  field  is  isotropic  at  least  out  to  7  cm  length  scale,  and  yield  values 

2  - 1 2 

of  the  refractive  index  structure  constant  Cn  varying  from  4.9  x  10  to 
-11  -2/3 

3.6  x  10  m  ,  which  is  roughly  two  orders  of  magnitude  greater  than 
the  highest  values  seen  in  the  natural  atmosphere.  The  temperature  power 


**Work  supported  by  the  Defense  Advanced  Research  Projects  Agency  under 
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spectrum  is  found  to  exhibit  a  power-law  region  of  the  form  k  *  for  near- 

-5/3 

ly  two  decades  in  wavenumber,  deviating  somewhat  from  the  k  Obukhov- 

Corrsin  spectrum  expected  for  the  inertial  subrange. 

Theoretical  integral  equations  relating  the  single -point  temperature 

fluctuation  spectrum  of  arbitrary  shape  to  several  statistical  functions  of  the 

phase  fluctuation  over  a  finite  optical  propagation  length  are  developed  and 

presented.  Phase  statistics  measured  include  the  RMS  fluctuation  amplitude, 

structure  functions,  absolute  phase  power  spectrum,  relative  phase  power 

spectrum  for  both  longitudinal  and  transverse  beam  separations  relative  to 

the  mean  fluid  flow,  longitudinal  space-time  autocorrelation,  phase,  and 

coherence  functions.  The  absolute  phase  power  spectrum  is  found  to  adhere 

-2.  35 

well  to  a  power-law  of  the  form  k  *  for  nearly  two  decades  in  k. 

Comparisons  are  made  between  experimentally  measured  phase  fluc¬ 
tuation  statistics  and  theoretical  predictions  by  the  integral  relations  using 
single -point  temperature  spectra  measured  concurrently  with  the  optical 
phase  data.  The  agreement  in  shape  is  excellent  in  all  the  statistical  func¬ 
tions,  but  discrepancies  in  absolute  magnitude  attributed  to  calibration  errors 
for  one  series  of  data  are  noted. 

Taylor's  frozen-flow  assumption  is  investigated  by  using  the  wake- 
free  probing  capabilities  of  the  interferometer.  Studies  of  the  coherence 
function  indicate  some  non-frozen  behavior.  The  phase  function  conforms 
surprisingly  well  to  frozen-flow  predictions,  and  no  evidence  is  seen  which 
might  indicate  a  difference  in  phase  speed  between  the  various  spectral  com¬ 
ponents. 


VIII.  X-RAY  PREIONIZATION  FOR  ELECTRIC  DISCHARGE  LASERS ^ 


(S.  C.  Lin  and  J.  I.  Levatter,  paper  published  in  Applied  Physics 
Letters,  Vol.  34,  No.  8,  15  April  1979,  pp.  505  -  508  ) 

Summary 

o 

Using  x-rays  of  60  -  200  keV  photon  energy  (  X  ~  0.  06  -  0.  2  A  )  as 
an  ionizing  radiation  source  in  a  transmission-line-driven  low-inductance 
discharge  chamber,  we  have  succeeded  in  generating  spatially  homogeneous 
pulsed  avalanche  discharges  of  several  liter  volume  at  greater  than  1  atm 
pressure  for  up  to  100-nsec  duration.  In  concurrent  laser  generation 
experiments  with  relatively  lossy  windows,  we  have  observed  high-optical- 
quality  pulsed  uv  laser  output  of  up  to  2  J/liter  from  such  discharges  in 
rare-gas /halogen  mixtures,  and  ir  laser  output  of  up  to  12.  5  J/liter  from 
a  He/^/CO^  mixture. 


I 


IX.  NECESSARY  CONDITIONS  FOR  THE  HOMOGENEOUS  FORMATION 
OF  PULSED  AVALANCHE  DISCHARGES  AT  HIGH  GAS  PRESSURES 
( J.  I.  Levatter  and  S.  C.  Lin,  paper  published  in  the  Journal  of 
Applied  Physics  ,  Vol.  51,  No.  1,  January  1980,  pp.  210-  222) 

Summary 

The  preionization  level  and  other  initial  conditions  necessary  for  the 
formation  of  spatially  homogeneous  pulsed  avalanche  discharges  at  high  gas 
pressures  are  examined.  Assuming  properly  shaped  electrodes  with  no 
strong  edge  effects,  the  minimum  preionization  level  required  for  homo¬ 
geneous  discharge  initiation  is  found  to  depend  on  the  voltage  rise  time 
across  the  electrodes  as  well  as  on  the  total  pressure  and  various  electro¬ 
chemical  properties  of  the  gas  mixture  which  govern  the  net  rate  of  change 
of  the  first  Townsend  coefficient  with  respect  to  the  local  electric  field 
strength.  Our  predictive  results  are  found  to  be  consistent  with  experi¬ 
mental  observations. 


**Work  supported  by  the  Defense  Advanced  Research  Projects  Agency 
under  Contract  N00014-76-C-0116  monitored  by  the  Office  of  Naval 
Research. 
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X.  LONG  PULSE  BEHAVIOR  OF  THE  AVALANCHE/SELF-SUSTAINED 
DISCHARGE  PUMPED  XeCl  LASER*  ( J.  I.  Levatter ,  K.  L. 
Robertson,  and  S.  C.  Lin,  paper  published  in  Applied  Physics 
Letters,  Vol.  39,  No.  4,  15  August  1981,  pp.  297  -  299) 

Summary 

Homogeneous  and  stable  avalanche /self- sustained  discharges  of  200- 
nsec  duration  have  been  obtained  in  typical  XeCl  laser  gas  mixtures  at 
relatively  high  gas  pressures  (1-4  atm)  and  high  energy  loadings  (  100  - 
400  J/liter-atm ).  The  laser  output  waveform,  however,  is  found  to  be 
surprisingly  sensitive  to  changes  in  gas  pressure  and  composition.  Under 
certain  conditions,  the  laser  power  remains  nearly  constant  for  200  nsec, 
so  that  the  total  output  energy  scales  roughly  with  the  discharge  duration. 
The  highest  XeCl  laser  pulse  energy  extracted  from  a  1 -liter  volume  in 
this  series  of  experiments  is  3.  2  J  at  ~  4%  intrinsic  efficiency. 


*  Work  supported  by  the  Defense  Advanced  Research  Projects  Agency 
under  Contract  N00014-76-C-0116  monitored  by  the  Office  of  Naval 


Research. 


CURRENT  DENSITY  AND  PRESSURE  DEPENDENCE  OF  XeCl 
EXCIMER  FLUORESCENCE  AND  LASER  EMISSIONS  OBSERVED 
IN  A  VERY  SMALL  VOLUME  DISCHARGE*  (Q.  H.  Lou, 

Q.  S.  He ,  and  S.  C.  Lin ,  paper  published  in  Applied  Physics 
Letters,  Vol.  41,  No.  6,  15  September  1982,  pp.  514-516) 


Summary 

Some  observational  results  on  the  XeCl  excimer  B  -*  X  fluorescence 

and  laser  emissions  from  dilute  Ne/Xe/HCl  mixtures  in  a  very  small  vol- 
3 

ume  (  ~  1  cm  )  pulsed  avalanche  discharge  of  ~  200  nsec  duration  at  high 

2 

current  densities  (  0.  6  <  j  <1.8  kA/cm  )  and  at  high  gas  pressures 
(  2  <  p  <  11  atm)  are  presented.  With  increasing  j  ,  p  ,  and  Ne 
dilution,  the  fluorescence  pulse  duration  becomes  more  and  more  res¬ 
tricted  but  the  laser  peak  power  continues  to  show  an  upward  trend  until 
p  «  8  atm.  In  spite  of  the  short  pulse  and  low  extraction  efficiency , 

3 

laser  peak  power  of  up  to  ~  10  kW  has  been  observed  from  the  ~  1  cm 
volume  discharge. 


*  Work  supported,  in  part,  by  the  Defense  Advanced  Research  Projects 
Agency  and  monitored  by  the  Office  of  Naval  Research  under  Contract 
N00014-76-C-0116. 
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Xn.  A  THEORETICAL  STUDY  OF  THE  KINETIC  PROCESSES  IN  A 

HIGH-POWER  XENON  CHLORIDE  EXCIMER  LASER  OSCILLATOR 
DRIVEN  BY  A  LONG  TRANSMISSION  LINE  PULSE  FORMING 
NETWORK**  (Y.  S.  Wang,  Ph.  D.  Dissertation,  University  of 
California,  San  Diego ,  1982;  University  Microfilms  Dissertation 
Copies  Order  Number  82-24532,  P.  O.  Box  1764,  Ann  Arbor  , 
Michigan  48106  ) 


Summary 

A  theoretical  model  of  the  discharge  pumped  XeCl  laser  driven  by 
a  long  transmission  line  (two-way  transit  time,  ~  200  nsec  )  is  presented. 
The  mathematical  formulation  consisting  of  the  rate  equations,  the  tempera¬ 
ture  equation,  the  circuit  equation,  and  the  Boltzmann  equation  governing 
the  velocity  and  energy  distributions  of  the  free  electrons  is  developed  under 
the  assumptions  that  the  applied  electric  field  strength  is  spatially  uniform 
and  the  number  densities  of  all  important  chemical  species  are  spatially 
homogeneous  in  the  discharge  volume.  These  coupled  non-linear  differen¬ 
tial  equations  are  solved  numerically  by  using  the  GBS  extrapolation  method 
simultaneously  with  the  time  evolution  of  the  electron  mole  fraction  during 
the  transient  discharge.  The  time -dependent  electron  velocity  and  energy 


| 

‘ J 

fit 


distribution  functions  are  obtained  from  the  numerical  solutions  of  the  Boltz- 

**Work  supported,  in  part,  by  the  Defense  Advanced  Research  Projects 
Agency  under  Contract  N00014-76 -C -01 16  and  by  the  Office  of  Naval 
Research  under  Contract  N00014-80-C -0335. 
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A  A.  • 


mann  equation ,  with  all  elastic  (  including  electron-electron  ) ,  inelastic, 
attachment,  recombination,  and  ionization  collisions  included,  by  a 


self-consistent  iteration  technique. 

The  kinetic  reactions  involved  in  the  XeCl  laser  using  Ne/Xe/HCl 
and  He/Xe/HCl  mixtures  are  comprehensively  examined.  The  results 
of  this  study  reveal  that  the  new  processes 

e  +  XeCl*  — -  Xe*  +  Cl"  , 

e  +  XeCl  — *-  Xe  +  Cl"  or  Xe  +  Cl  +  e  , 

are  important  and  have  to  be  included  in  the  model.  In  addition,  the 
rate  coefficients  for  the  processes 

e  +  HC1  ( v  =  1 )  — -  H  +  Cl"  , 

XeCl  +  Ne,  He  — ►  Xe  +  Cl  +  Ne ,  He  , 
hy  +  XeCl*  — ►  XeCl**  , 

should  be  revised  from  the  earlier  published  values.  (Here,  XeCl*  de- 
2  2 

notes  the  XeCl  B  £  and  C  II  excimer  states ,  while  XeCl  represents 
some  unidentified,  higher -lying  excited  states  of  the  XeCl  excimer  which 
are  optically- connected  to  XeCl  .  )  The  recommended  revisions  are 
discussed  in  detail  in  Chapter  Five  of  this  thesis. 

A  working  kinetics  model  for  quantitative  interpretation  of  all  the 
recent  discharge-pumped  high  power  XeCl  excimer  laser  experiments 
is  finally  developed.  According  to  this  model,  the  rate  limiting  steps 
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which  govern  the  discharge  characteristics  and  the  laser  performance  at 
the  current  density  {  j  «  300  A/cm^  )  and  gas  pressures  (  p  =  1  to  5  atm) 
used  in  these  epxeriments  are  all  two-body  collisions  in  which  the  free  elec¬ 
trons  play  the  most  important  role  in  many  aspects.  Unlike  common  ex¬ 
pectation,  the  number  density  of  the  laser  upper  state  at  a  fixed  discharge 
current  density  is  found  to  be  insensitive  to  the  total  gas  pressure.  Instead, 
the  experimentally  observed  higher  laser  output  power  at  the  higher  gas 
pressures  is  mainly  due  to  the  faster  removal  rate  of  the  laser  lower  state 
population. 

The  close  agreement  between  the  calculated  and  measured  waveforms 
of  the  discharge  voltage,  the  side-light  fluorescence,  and  the  laser  output 
power  shows  that  a  better  understanding  of  the  kinetics  in  the  discharge- 
pumped  XeCl  laser  has  been  achieved.  However,  some  questions  regarding 
the  uniqueness  of  the  set  of  reactions  and  rate  coefficients  used  in  the  present 
kinetics  model  remain  unresolved.  Further  works  in  this  area  are,  therefore  , 


recommended. 


XIII.  METHOD  FOR  DETERMINATION  OF  CO-SPECTRAL  GAIN 

AND  ABSORPTION  COEFFICIENTS  IN  HIGH-POWER  LASERS * 
(S.  C.  Lin,  S.  B.  Zhu,  Q.  H.  Lou,  and  Q.  S.  He,  paper 
accepted  for  publication  in  the  Journal  of  Quantitative  Spec¬ 
troscopy  and  Radiative  Transfer,  October  1983  ;  probable 
publication  date :  June  or  July  1984) 


Summary 

A  new  method  is  described  for  determining  the  small-signal  gain 

and  non- saturable  absorption  coefficients  over  the  same  spectral  region 

for  high-power  lasers.  Preliminary  tests  of  this  method  on  the  dis- 

2  2 

charge-pumped  XeCl  excimer  laser  have  yielded  B  £  -  X  Z  gain  coef¬ 
ficients  which  are  comparable  to  those  observed  in  other  experiments 
under  similar  excitation  conditions.  However,  the  absorption  coefficient 
is  found  to  be  a  high  and  nearly  constant  fraction  (  ~  1/4 )  of  the  gain. 

This  result  suggests  that  all  of  the  absorption  processes  are  due  to  excited 

2 

species,  including  XeCl  B  Z . 


1.  INTRODUCTION 


The  small-signal  gain  and  non-saturable  absorption  coefficients,  g  (  X  ) 
and  K  (  X  ) ,  of  the  excited  medium  are  important  parameters  which  govern  the 
mode  buildup  time,  saturation  intensity,  and  ultimate  optical  extraction  effi¬ 
ciency  of  high-power  laser  oscillators  and  amplifiers.  *  The  simplest  and 
most  commonly  used  method  for  measuring  both  g  (  X )  and  K  (  X )  is  a  trans¬ 
mission  experiment  in  which  a  low-intensity  probe  beam  of  sufficiently  narrow 
spectral  width  AX  at  the  desired  wavelength  X  is  sent  through  a  homogene¬ 
ously  excited  medium  of  length  Ljjj*  Comparison  between  the  transmitted 
beam  intensity  1^  (  X )  and  the  initial  probe  beam  intensity  1^  (  X  )  yields  the 
net  gain  coefficient 

G(\)  =  <7(X)  -  K(X)  =  J-  lnfl^XJ/IjtX)].  (1) 

"m 

This  net  gain  coefficient  may  be  identified  with  g  (  X  )  or  -  K  (  X )  only  when 
one  or  the  other  coefficient  is  negligibly  small  in  absolute  value. 

In  the  study  of  laser  mode  buildup  and  saturation  in  high-gain  systems, 
one  is  particularly  interested  in  knowing  the  values  of  g  (  X  )  and  K  (  X  )  at  or 
near  the  center  wavelength  XQ  of  the  relevant  atomic  line  or  rotational  lines 
within  the  strongest  emission  bands.  To  determine  g  (  XQ  )  from  the  mea¬ 
sured  value  of  G  (  X„  ) ,  one  must  know  K  (  \  ) .  Direct  measurement  of  K  [X  ) 
in  the  presence  of  gain  is  generally  difficult  or  impossible.  Accordingly, 
past  measurement  of  K  (  X  )  have  usually  been  confined  to  spectral  regions 
somewhat  removed  from  the  peaks  of  the  laser  emission  spectrum,  ’  and 
the  value  of  K  (  XQ )  could  only  be  inferred  by  interpolation  or  extrapolation. 


In  the  present  paper,  a  new  method  is  described  for  determining  Q  (  X  ) 
and  K  (  X )  at  the  same  value  of  X  ,  which  may  include  the  peak- gain  wave¬ 


length  XQ  .  This  method  appears  to  work  particularly  well  for  high- gain 

4 

systems,  such  as  the  rare  gas  halogen  excimers,  where  the  laser  mode 
buildup  time  in  small  optical  cavities  can  be  made  very  short  in  comparison 
with  the  total  excitation  time.  5  Some  preliminary  results  obtained  for  the 
discharge-pumped  XeCl  excimer  laser  using  this  method  are  presented  and 
discussed. 


2.  DESCRIPTION  OF  THE  METHOD 
The  method  involves  the  combination  of  two  separate  measurements 
carried  out  under  otherwise  identical  excitation  conditions.  As  illustrated 
schematically  in  Fig.  1 ,  the  first  is  a  measurement  of  the  net  gain  coeffi¬ 
cient  G  (  X  )  at  the  desired  wavelength  X  =  XQ  in  accord  with  Eq.  ( 1 )  using 
a  probe  beam  which  can  be  generated  from  a  laser  oscillator  at  output  wave¬ 
length  XQ  through  appropriate  attenuators  or  from  an  incoherent  radiation 
source  through  appropriate  narrow-band  filters  and  collimators.  The 
second  is  a  measurement  of  the  saturated  laser  oscillator  power  output,  , 
from  the  excited  medium  over  the  same  wavelength  XQ  and  wavelength  inter¬ 
val  AX  as  chosen  for  the  probe  beam,  at  two  or  more  different  values  of 

the  cavity  loss  coefficient  ac  .  According  to  theories  of  laser  oscillators 
6  7 

and  amplifiers,  ’  the  saturation  intensity  for  a  homogeneously-broadened 
line  undergoing  laser  oscillation  at  wavelength  XQ  is  proportional  to 
[  g  (  X0  )/  a  (  XQ  ).]  -  1  ,  where  a(\Q)=  K  (  XQ  )  +  <*c  is  the  equivalent  total 
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(i)  MEASUREMENT  OF  NET  SPECTRAL  GAIN 
PROBE  ATTENUATORS 


(ii)  MEASUREMENT  OF  SATURATED  LASER  OSCILLATOR  POWER  OUTPUT 


OUTPUT  INSERTED  END 

MIRROR  LOSS  ELEMENTS  MIRROR 


Fig.  1  ( XIII )  Essential  elements  of  the  two  independent  measure¬ 
ments  used  in  the  proposed  method  for  determining 
the  small-signal  gain  coefficient  g  (  X )  and  the  non¬ 
saturable  absorption  coefficient  K  (  X  )  at  the  same 
wavelength,  X  =  X  . 


loss  coefficient  per  unit  length  of  the  excited  medium  at  the  selected  wave¬ 


length  X  .  Combination  of  the  two  measurements  should  provide  a  sensi¬ 
tive  and  unambiguous  method  for  determining  g  (  XQ  )  and  K  (  X  ) . 

To  derive  some  approximate  formulae  for  explicit  determination  of 
g  (  XQ  )  and  K  (  XQ  )  from  the  two  measurements,  we  follow  the  practice 
of  treating  the  laser  oscillator  mode  buildup  and  saturation  problems  as 

being  equivalent  to  those  of  quasi-one-dimensional  beam  propagation  through 

8-10 

a  semi -infinite.,  periodic  structure.  The  transmission  properties  of 

the  structure  are  to  be  determined  by  the  optical  properties  of  the  cavity 

mirrors  and  of  the  intervening  media.  Referring  to  Fig.  l(ii),  let  L  be 

the  total  optical  path  length  between  the  output  coupling  mirror  of  power 

reflectance  Ra  and  the  end  mirror  of  power  reflectance  R^  ;  LQ  the  path 

length  between  R  and  the  inserted  loss  elements  of  total  optical  density  D  ; 

Lc  the  path  length  between  D  and  the  excited  medium  of  length  L-m  ;  and 

the  path  length  between  the  end  of  Lm  and  R^  ,  For  simplicity,  we 

assume  that,  through  proper  choice  of  geometrical  configuration,  the  beam 
9 

waves  corresponding  to  the  dominant  modes  of  the  cavity  are  of  nearly  - 
constant  cross  section  and  have  negligible  diffraction  losses.  **  Other  minor 
losses,  such  as  atmospheric  absorption  and  scattering  and  losses  due  to  the 
end  windows  which  confine  the  excited  medium,  may  also  be  neglected.  With 
in  such  a  cavity,  the  saturation  {  steady-state)  intensities  of  the  two  counter- 
propagating  beam  waves  within  the  path  segments  Lc  ,  ,  Lc  will  be 

piecewise  uniform  and  simply  related,  i.  e. , 
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Ib  -  !b  Rb  • 

(3) 

I* /l*  =  1~  ll~  =  I0"D  =  exp(-2.303D)  . 

(4) 

Ib/!c  3  h'h  =  exp(G3Lm), 

(5) 

■  f.  -  ", 

(6) 

is  the  net  gain  coefficient  at  saturation.  All  spectral  intensities,  gain  and 

loss  coefficients  are  evaluated  at  the  same  selected  wavelength  .  The 

value  of  G  is  governed  by  the  steady- state  condition  that  the  roundtrip 
s 

gain  must  be  equal  to  the  roundtrip  loss  so  that 

GsLm  =  2.3°3D+  ln[l/^/R^J].  (7) 

It  should  be  noted  that  G  in  Eqs.  (  5  )  and  (  7  )  represents  some  averaged 

value  of  the  saturated  net  gain  coefficient,  which  actually  depends  on  the 

detailed  distribution  of  the  saturated  beam  wave  intensities  I*(  z  )  and  I  (  z  ) 

along  the  optical  path  length  z  within  Lm .  These  intensities,  in  turn, 

can  be  determined  by  a  saturation  analysis  similar  to  that  described  by  Rigrod 

provided  that  the  dependence  of  G_  on  total  beam  intensity  (i.  e. ,  the  sum 

s 

4*  — 

of  I  and  I  )  is  known.  However,  in  some  excited  media  such  as  the  rare 

4 

gas  halogen  plasma,  the  absorption  coefficient  K  (  \Q  )  may  involve  unknown 


excited  species  and  even  absorption  by  the  excimer  at  the  upper  laser  state 


so  that  the  functional  relation  between  Gg  and  (I  +  I  )  cannot  be  pre¬ 
determined.  Accordingly,  we  treat  the  detailed  distributions  of  beam  wave 

intensities  within  L  as  unknowns  but  assume  that  the  averaged  value  of 

m 

( I+  +  I  )  is  approximately  the  same  as  the  algebraic  mean  of  its  endpoint 
values,  (  1^  +  ^  +  I*  +  Ic  )/2.  Similar  approximation  can  also  be  made 
for  the  averaged  beam  wave  intensities  within  the  inserted  loss  elements  D. 
The  averaged  saturation  intensity  of  the  beam  wave  over  one  roundtrip  path 
length  of  the  optical  cavity,  2  L  2  2  (  +  Lc  +  Ld  +  Lm  ) ,  is  then 


With  the  help  of  Eqs.  (2)  through  (7),  this  averaged  intensity  can  be  related 
to  the  beam  wave  intensity  at  the  output  coupling  mirror,  IQ  ,  which  deter¬ 
mines  the  laser  oscillator  output  power  ,  viz. , 

Ig  =  U  +  r\[  exp  (2.  303  D)  +  Rfl  exp  (  -  2.  303  D  )]]  Ia'  .  (9) 

where  §  and  T)  are  known  geometrical  parameters  of  the  optical  cavity 
defined  by 

!  =  [(2LC  +  Ld)/4L](  1  +RC) 

+  [<2Lb+  Lm>/4LK^7*b  +*fivTb) ,  (10 


r\  •  (2LC  +  Ld  +  Lm)/4L. 


(11 


The  roundtrip-averaged  saturation  intensity  I  for  the  beam  wave  within 
the  oscillator  [  Eq.  (  9  )  ]  can  now  be  equated  to  the  limiting  intensity  1^  for 
a  long  laser  pulse  of  the  same  selected  wavelength,  X  =  XQ  ,  and  bandwidth, 
AX  ,  propagating  in  a  semi -infinite,  homogeneously-excited  medium  of  the 
same  small- signal  gain  coefficient  Q  (  X  ) .  However,  the  equivalent  non¬ 
saturable  absorption  coefficient  a(\)  must  include  a  distributed  loss  term 
due  to  the  inserted  elements  D  and  the  cavity  mirrors  ,  R^  ,  of  the 
oscillator,  so  that 


a  ( X )  =  K  (  X  )  + 


—  2.  303  D  +  In  /  —  — ^  \  | 

Lm  'N/VVJ 


(12) 


If  AX  is  much  narrower  than  the  spectral  width  of  the  gain  profile  g  (  X  )  and 
the  laser  transition  involves  only  two  discrete  quantum  states  in  a  homogene¬ 
ously-broadened  excited  medium,  the  limiting  intensity  1^  should  be  quite 

7 

close  to  that  derived  by  Icsevgi  and  Lamb  for  a  monochromatic  wave  pro¬ 
pagating  in  such  a  two-level  excited  medium.  The  limiting  spectral  intensity 
Ijj  (  X  )  ,  when  expressed  in  terms  of  radiative  power  flux  per  unit  area  per  unit 
wavelength  interval  about  X  ,  in  the  mks  system  of  units ,  is  then 


I,U)  = 


c eoh  7Uiy  f  g( \)  -  g(x) 


8tr2>jp2AX 


cr(  X) 


<£  (  v  -  vc 


(13) 
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In  Eq.  (  13  ),  c  is  the  velocity  of  light  in  vacuum,  eQ  =  8.  85  X  10  farad /m 
is  the  permittivity  of  free  space,  h  is  Planck's  constant,  yuj  is  the  decay 
constant  for  the  dipole  moment  of  the  two-level  atom  involved  in  the  laser 


transition  u  —  1  ,  is  the  squared -amplitude  of  the  matrix  element  of  this 
dipole  moment,  y  is  the  reciprocal  of  the  mean  life  time  of  the  upper  and 
lower  quantum  states  ,  u  ,  1  ,  including  the  shortening  effects  due  to  colli- 


sional  quenching ,  and 


£  (  v  -  v  )  =  y 


(<— o'2^2]-1 


(14) 


is  a  dimensionless  Lorentzian  function  with  v  =  c/X  ,  and  vQ  =  c/X  . 

If  the  laser  transition  involves  molecular  bands  as  in  the  rare  gas  halo- 
4 

gen  excimers ,  the  propagating  beam  may  include  many  laser  lines  oscilla¬ 
ting  simultaneously  among  many  pairs  of  vibrational- rotational  quantum  states 

In  order  to  make  use  of  analytical  results  which  have  been  derived  only  for 

7 

the  two -level  system,  we  must  make  an  additional  simplifying  assumption 
that  each  saturated  laser  line  within  the  oscillator  or  within  the  propagating 
pulse  involves  only  one  pair  of  vibrational- rotational  states  in  the  excited 
molecular  system,  and  the  relative  population  of  such  pairs  of  states  is  gov¬ 
erned  only  by  collisional  effects.  For  mathematical  convenience,  we  further 
assume  that  each  saturated  line  oscillates  at  the  respective  line-center  fre¬ 
quency  vQ  of  the  corresponding  pair  of  states,  and  that  the  values  of  yu^  , 

z 

y  ,  and  jp  are  all  approximately  the  same  for  all  of  the  pairs  of  states 


involved.  Let  be  the  cross-sectional  area  of  the  propagating  beam 
and  be  the  effective  number  of  saturated  laser  lines  in  the  beam.  The 
total  saturated  power  of  the  propagating  beam  is  then 


pb  =  nlalii<x°>ax  =  ni,ai,* 


g(Xp)  -  g(*o) 

<*(Xo) 


(15) 


where  $  s  ceQh^y^y /8 The  saturated  laser  oscillator  power  output, 
on  the  other  hand,  is  given  by  PT  =  T  P  ,  where  T  »  1  -  R_  is  the  trans- 
mittance  of  the  output  coupling  mirror  and  P  is  the  incident  beam  power  at 
the  same  mirror.  This  beam  power  is  related  to  the  roundtrip-averaged 
beam  power  within  the  oscillator  cavity,  P_  ,  and  the  intensity  ratio  defined 
by  Eq.  (  9  ) ,  such  that  P  /  P  =  I  / 1  .  By  identifying  P  with  the  saturated 

S  CL  3  CL  S 

beam  power  Pg  given  by  Eq.  (IS),  we  obtain 

p  .  NLAL*TatC(>-0)  -  K3b  -  Kj  ]  /  [  K  (  Xp  )  H-  Kab+  Kt]  & 

L  ?  +  >n  f  exp (2.  303  D)  +  Ra  exp  (  -  2. 303D )  ] 

Here,  G  (  X.  )  and  K  (  XQ  )  denote  ,  as  before ,  the  net  small-signal  gain  and 
non- saturable  absorption  coefficients  for  the  excited  medium  at  the  correspon¬ 
ding  line-center  wavelength  (or  wavelengths  ),  Kob  . 

is  the  equivalent  loss  per  unit  gain  length  due  to  the  two  cavity  mirrors,  and 
Kj  ■  2.  303  D  /  Lm  is  the  equivalent  loss  per  unit  gain  length  due  to  the  inserted 
loss  elements  [see  Eq.  (12)  ].  The  saturated  laser  oscillator  power  output 
in  the  absence  of  any  inserted  loss  elements  is  ,  therefore. 


NL0AL»TOtG(Xo>  “  *gbl/r*(X0)  +  Kgb] 
5  +  T1  (  1  +  R0  ) 


(17) 


A  different  symbol  N^q  has  been  introduced  here  to  allow  for  the  fact  that 
the  number  of  saturated  laser  lines,  which  contributed  to  the  measured  value 
of  Pj^q  *  may  or  may  not  be  the  same  as  ,  which  contributed  to  the  mea¬ 


sured  value  of  PT  under  otherwise  identical  excitation  conditions.  The  ratio 


between  the  two  values  of  the  oscillator  power  output  is,  therefore, 


r  PL0  _  ANL0tG(Xo)-KQbHMXo)  +  KQb+  K.] 

E  PL  ’  NLfG(xo)-Kab-KiHMX0)  +  iccb]  '  {  > 

The  factor  A  =  j  l  +  r\  [  exp  {  2.  303  D  )  +  Rq  exp  (  -  2.  303  D  )  ]  J  /  [  §  +  r\  (  1  +  Rq  ] 

in  Eq.  (  18  )  is  generally  very  close  to  unity  for  small  values  of  D.  Assu¬ 
ming  nlo  /^L  **  *  »  we  obtain  from  rearrangement  of  Eq.  ( 18)  the  following 
approximate  formula  for  explicit  determination  of  K(Xq)  from  the  experi¬ 
mental  values  of  G(XQ)  and  T  for  any  fixed  set  of  excitation  conditions 
using  a  suitably  chosen  (non-zero)  value  of  s  2.  303D/Lm  : 

k(x0)  *  [(*ab  +  K.)F  -  Kcbr]/(r  -  F) ,  (19) 

where  F=  A[G(XQ)-  Kab]/[G(XQ)-  *cb  -  K^].  The  co- spectral  small  - 
signal  gain  coefficient  can  subsequently  be  determined  from 

0{XO)  s  G(X0)  +  tC(X0)  .  (20) 

It  should  be  noted  that  an  expression  similar  to  Eq.  ( 18 )  for  relating 

the  ratio  of  the  two  saturated  laser  oscillator  power  outputs  can  also  be  derived 

from  Rigrod's  analysis  of  the  saturation  effects  in  high-gain  lasers,^  but 
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using  the  method  suggested  by  Champagne  et  al  ’  for  inclusion  of  the  ab¬ 
sorption  term  due  to  the  excited  medium  in  an  approximate  manner.  Rigrod  ^ 
has  shown  that,  for  a  laser  oscillator  consisting  of  a  homogeneously-broaden¬ 
ed  excited  medium  of  small- signal  gain  coefficient  gQ  and  length  L  bounded 


at  the  two  ends  by  a  pair  of  cavity  mirrors  of  reflectances  r ^  and  r^  *  the 
steady-state  intensities  of  the  two  out-going  beam  waves  Ij  ,  I*  ,  directed 
at  mirror  r^  and  r ^  ,  respectively,  are  related  to  the  referenced  satura¬ 


tion  intensity  Iq  by 


-  ,  .  .1/2  +  (r2)‘/2[g0Lt  ln(r1r2)1/2] 

1  '2  r‘  2  "  [Cr1)1/2+  (r2)1/z]C  1  -  (rjrj)1'2] 


(21) 


Derivation  of  this  equation  was  based  on  the  assumptions  that  the  excited 
medium  is  non-absorbing ,  and  that  the  local  saturated  gain  coefficient  g  (  z  ) 
is  related  to  gQ  and  the  local  beam  intensities  I+(  z  )  ,  I  ( z  )  ,  such  that 
g  (  z  )  =  g Q  /  (1  +  [  I+(  z  )  +  l"(  z )  ]  /  IQ  }.  The  referenced  intensity  IQ  ,  there¬ 
fore,  is  the  total  intensity  at  which  g  (  z  )  =  gQ  /2  .  According  to  Eq.  (  21  )  , 
the  out-going  beam  wave  intensities  1^  ,  1^  ,  would  be  infinite  if  both 

mirrors  were  perfect  reflectors  (  i.  e. ,  r^  =  r^  =  1  ) .  The  approximate 
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method  suggested  by  Champagne  et  al  ’  for  modification  of  Eq.  ( 21  ) 
to  accommodate  a  finite,  non-saturable  absorption  coefficient  K  in  the  ex¬ 
cited  medium  was  to  lump  the  distributed  absorption  losses  through  the  medium 
as  additional  discrete  fractional  power  losses  at  the  two  mirrors.  By  adopting 
this  approximate  method  to  the  oscillator  arrangement  illustrated  in  Fig.  1  ( ii ), 
we  may  similarly  lump  the  single-pass  absorption  loss  through  the  medium, 

[  1  —  exp  (  -  K  L>m )  ]  ,  at  the  out-going  end  of  the  medium  for  each  of  the  two 
counter -propagating  beam  waves.  The  emerging  beam  intensities,  Ic  and 
1^  ,  at  the  two  ends  of  the  excited  medium  are  then  related  to  the  lossless 
beam  intensities  I,  ,  I-»+  ,  such  that 


(22) 


The  effective  reflectances  seen  by  the  two  out-going  beam  waves,  1^  and  , 
counting  all  of  the  optical  components  shown  in  Fig.  l(ii),  are,  therefore, 
r  j  exp  (  -  K  Lm  -  4.  606  D  )  and  =  R^  exp  (  —  K  ) ,  respectively. 
Substituting  these  into  Eq.  (21  )  and  using  symbols  already  introduced,  with 
the  abbreviations  G  s  g  —  K  (  X  )  ,  K  =  K  (  XQ  )  ,  we  obtain 


[  •T5aexp{  -  KjLm)  +  */Rb]  {  1  -  exp[  -  (  K  +  »ob+  -iiyi 


(23) 


The  ratio  of  laser  oscillator  power  outputs  defined  earlier,  r  =  P^q  /  = 

la  ( Ki  =  0 )  ^  la  t  Ki  *  0 )  *  is*  accor<*ingly, 


A<  (G  -  Kflb){  1  -  exp[-ClC  +  Kab4  K.)Lm]} 

(O-Kab-V*  1  ’exPt-<K  +  ,cab>Lm]^ 


(24) 


Here,  the  factor  A#  ■  [  *frRa  +  exp  (  -  Lm  )  ]  /  (  */"Ra  +  nTr^ )  ,  although 
different  from  the  factor  A  in  Eq.  ( 18  ),  is  again  very  close  to  unity  at  small 
values  of  KjLm.  Thus,  when  the  total  single-pass  loss  <K+  Kcb  +  VLm 
is  sufficiently  small  in  comparison  with  unity,  as  in  the  case  of  the  prelimin¬ 
ary  experiments  described  below,  the  exponential  factors  in  Eq.  (  24  )  can  be 
approximated  by  the  first  two  terms  of  the  corresponding  power  series  expan¬ 
sions.  The  resultant  equation  then  becomes  essentially  the  same  as  Eq.  ( 18). 


3.  EXPERIMENTAL  ARRANGEMENT 


The  indicated  method  has  been  used  in  the  determination  of  a  (  X  ) 

o 

2  2 

and  K  (  X  )  for  the  XeCl  B  £,  -  X  E,  transitions  at  X„  =  307.  94  and 

o'  1/2  1/2  o 

308.  19  nm,  corresponding  to  the  spectral  peaks  of  the  two  strongest  bands, 
(0,1)  and  (0,2),  respectively,  observed  in  laser  emissions.  ^  The 
experimental  arrangement  for  measuring  the  small- signal  net  gain  coefficient 
G  (  X  )  is  illustrated  in  Fig.  2 ,  while  the  arrangement  for  measuring  P.  at 
different  values  of  the  inserted  loss  coefficient  K-  is  illustrated  in  Fig.  3  . 

In  the  net  gain  measurement,  the  excited  medium  was  generated  in  a 
very  small  volume.  X-ray  preionized  pulsed  avalanche  discharge  using  dilute 
Ne/Xe/HCl  mixtures  at  initial  gas  pressures  ranging  between  1  and  10  atm. 
As  described  in  considerable  detail  in  Ref.  5,  this  small  discharge  system 
consisted  of  a  cylindrical  discharge  chamber  of  ~  8  cm  inside  diameter  and 
7  cm  maximum  interior  height  ( chamber  l  in  Fig.  2 ),  and  a  high  voltage  pulse 
forming  network  (PFN).  The  effective  discharge  volume  and  geometry  were 
controlled  by  the  aperture  area  of  the  preionizing  X-ray  flux  and  the  gap  spa¬ 
cing  between  the  discharge  electrodes.  The  discharge  pulse  duration  was 
controlled  by  the  electrical  length  ( two-way  propagation  time  )  of  the  trans¬ 
mission  line  within  the  PFN.  The  self- sustained  discharge  current,  after 
completion  of  the  avalanche  process,  was  controlled  by  the  initial  charged-up 
voltage  Vc  on  the  PFN  and  the  output  impedance  ZQ  of  the  PFN.  The 
latter  was  determined  by  the  number  of  50fl  coaxial  cables  (RG-8/U)  con¬ 
nected  in  parallel  to  form  the  transmission  line.  The  PFN  was  initially 
isolated  from  the  discharge  chamber  through  a  self -triggered  rail  gap  switch 
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Fig.  2  ( XIII )  Experimental  arrangement  for  measurement  of  the 

small-signal  net  gain  coefficient  G  (  X )  *  g  (  X )  -  K  (  X ) 
in  a  pulse-discharge -excited  medium.  By  using  the 
same  gas  mixture  in  both  of  the  discharge  chambers 
and  a  broad-band  oscillator  cavity,  the  probe  beam 
wavelengths  XQ  were  automatically  tuned  to  those 
corresponding  to  the  strongest  laser  transitions  in 
the  excited  medium. 
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(Xni)  Experimental  arrangement  for  measurement  of  the 
saturated  power  output  Pj^  from  a  pulse -discharge 
excited  laser  oscillator  at  different  values  of  the 
cavity -loss  coefficient. 


set  at  a  pre-determined  value  of  V. .  As  indicated  in  Fig.  2 ,  the  probe 
beam  was  a  low  power  XeCl  laser  generated  from  another  small  discharge 
system  of  similar  design.  The  second  discharge  chamber  was  of  a  rectan¬ 


gular  geometry  with  elongated  electrodes  in  the  direction  of  the  optical  axis. 

The  longer  usable  gain  length  in  the  second  chamber  {  ~  14  cm  vs.  L  £  6 

m 

cm  in  the  first  chamber)  assured  that  the  probe-beam-pulse  duration  could 
be  made  longer  than  the  XeCl  B  —  X  fluorescence  duration  in  the  first  cham¬ 
ber  through  proper  choices  of  the  gas  pressure  and  current  density.  ^  This 
longer  gain  length  also  allowed  the  measurement  of  saturated  laser  oscillator 
power  to  be  made  over  the  lower  range  of  value  of  G  ( XQ )  using  the  experi¬ 
mental  arrangement  illustrated  in  Fig.  3.  The  two  discharge  chambers  were 

1 7 

mounted  on  the  top  plate  of  the  low-energy  X-ray  preionization  source 
through  pre-selected  aperture  openings.  The  preionization  source  was  syn¬ 
chronously  triggered  with  the  pulse -charging  circuits  within  the  two  PFNs 
connected  to  the  discharge  chambers  through  adjustable  time  delays.  Both 
discharge  chambers  were  sealed  by  anti -reflection -coated  fused  silica  win¬ 
dows  of  3.81  cm  diameter,  0.95  cm  thickness,  and  0.001  initial  (clean) 
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reflectance  over  the  spectral  range  295  <  X  <  305  nm. 

The  optical  cavities  for  generating  the  XeCl  laser  probe  beam  and  for 
carrying  out  the  measurement  of  saturated  XeCl  laser  oscillator  power  output 
using  either  discharge  chamber  1  or  2  were  formed  by  dielectric -coated  mir¬ 
rors  of  3.  81  cm  diameter  and  10  m  concave  radius  of  curvature  on  fused  silica 
substrates.  The  end  mirror  was  a  nearly  total  reflector  with  power  reflec¬ 
tion  coefficient  R^  s  0.  99  (as  rated  by  the  supplier,  CVI  Laser  Corporation) 


at  X  »  308  nm.  The  output  coupling  mirror  was  a  partial  reflector  with  an 
estimated  absorption  loss  coefficient  of  ~  0.  01  and  a  power  reflection  coef¬ 
ficient  R  =  0.98.  The  distance  between  mirror  surfaces  was  set  at  30  cm 

a 

for  probe -beam  generation  and  at  34  cm  for  measurement  of  when  dis¬ 

charge  chamber  2  was  used.  For  measurement  of  using  the  shorter 
chamber ,  the  mirror  separation  distance  was  reduced  to  24  cm. 

The  gap  spacing  between  discharge  electrodes  was  kept  constant  at  1  cm 
for  both  discharge  chambers.  The  X-ray  aperture  opening  for  chamber  2 

was  14  cm  long  and  0.  5  cm  wide  so  that  the  effective  discharge  volume  was 
3 

14  x  0.  5  x  1  cm  in  all  of  the  experiments.  For  the  shorter  chamber,  the 

aperture  opening  was  set  at  5.5  x  0.  5  cm^  when  the  chamber  was  used  for 

measurement  of  P^  .  During  the  measurement  of  G  (  XQ  ) ,  the  aperture 
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opening  was  set  at  4x1  cm  to  ensure  that  the  excited  medium  in  chamber 
1  was  at  least  a  factor  of  2  wider  than  the  probe  beam  emerging  from  the 
output  coupling  mirror  of  the  laser  oscillator  at  chamber  2.  The  probe  beam 
out  of  the  oscillator,  which  was  about  0.  5  cm  wide  and  a  factor  of  100  below 
the  saturation  intensity  inside  the  optical  cavity  due  to  the  ~  1  %  transmittance 
of  the  output  coupling  mirror,  was  further  attenuated  by  a  number  of  mirrors 
and  attenuators  before  being  admitted  into  chamber  1  ( Fig.  2  ).  The  resultant 
low  intensity  of  the  probe  beam  thus  assured  that  the  net  gain  G  ( X  )  mea¬ 
sured  in  accord  with  Eq.  (  1  )  corresponded  to  the  small-signal  net  gain. 

In  the  experimental  arrangement  for  measuring  the  saturated  laser  oscil¬ 
lator  power  output  P  at  different  values  of  the  inserted  loss  coefficient  K. 

L  i 

(  Fig.  3  ),  the  inserted  loss  elements  were  uncoated  fused  silica  flats  of 


50 


approximately  1  mm  thickness  placed  between  the  output  coupling  mirror 

and  the  discharge  chamber  window.  These  uncoated  flats  were  slightly  tilted 

to  keep  the  secondary  reflections  from  reaching  the  end  mirrors  on  the  other 

side  of  the  chamber.  The  required  tilt  angle  was  so  small  (  ~  2°  )  that  the 

single-pass  transmission  loss  through  each  flat  was  approximately  twice 

the  normal  reflection  coefficient  |  (n^  -  n^  )/  (n^  +  n^  )  |  at  the  air-quartz 

interface  for  all  polarization  angles.  Using  known  values  for  the  refractive 

index  of  air  (n^  =  1.00029)  and  of  fused  quartz  (n^  =  1.48504)  at  X  =  308 
19 

nm,  we  can  deduce  a  single-pass  transmission  loss  of  about  0.  0761  for 
each  quartz  flat.  The  optical  density  for  each  inserted  loss  element  was, 
accordingly,  D  «  0.  0761/  2.  303  »  0.  033  . 

4.  PRELIMINARY  RESULTS 

In  Fig.  4,  we  show  some  typical  oscillographic  traces  of  the  voltage 

2  2 

and  current  across  the  discharge  electrodes,  the  XeCl  B  E  .  -  X  £  . 

X  /  b  X  /  L» 

fluorescence  (spontaneous  emission)  intensity,  and  the  XeCl  laser  oscilla¬ 
tor  power  output  at  X  w  308  nm  observed  in  the  small  volume  discharge  using 
an  Ne  :  Xe  :  HC1  =  9923  :  70  :  7  mixture  at  two  different  values  of  the  total  gas 
pressure  p.  These  were  obtained  from  the  shorter  chamber  driven  by  a 
2-cable  transmission  line  in  the  PFN ,  but  oscillograms  taken  from  the  other 
chamber  at  comparable  discharge  conditions  looked  quite  similar.  Here,  the 

electrical  length  of  the  transmission  line  was  200  nsec  and  the  discharge 

2 

cross-section  (X-ray  aperture)  was  4  x  0.5  cm  .  At  p  =  3  atm,  the  ava¬ 
lanche  process  progressed  rapidly  after  rail-gap  switching  at  t  =  0  and  was 
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Typical  waveforms  of  the  discharge  voltage,  discharge 
current,  XeCI  B  ->  X  fluorescence  intensity,  and 
laser  oscillator  power  output  observed  in  a  4  x  0,  5x1 
crn  volume  discharge  using  an  Ne  :  Xe  :  HC1  =  9923  :  70 
:  7  mixture  at  two  different  values  of  the  total  gas  pres¬ 
sure  p.  The  discharge  was  driven  by  a  transmission 
line  PFN  of  25  C  output  impedance,  200  nsec  electrical 
length,  and  26  kV  pulse-charged  voltage. 


completed  within  a  time  period  of  about  50  nsec,  as  indicated  by  the  onset 

point  of  a  nearly  constant  self-sustaining  voltage  V  «  2.  5  kV  and  current 

s  s 

2 

I  »  0.  8  kA/cm  .  At  p  =  9  atm,  the  peak  overvoltage  ratio,  V  /  V  «  2, 
s  s  css 

was  somewhat  marginal  so  that  it  took  nearly  100  nsec  to  complete  the  elec- 
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tron  avalanche.  As  noted  previously,  the  observed  XeCl  B  -  X  fluores¬ 
cence  pulse  duration  was  significantly  shorter  than  the  ~  200  nsec  duration 
of  the  discharge  current  pulse.  The  fluorescence  pulse  duration  also  tended 
to  decrease  with  increasing  gas  pressure  and  current  density.  The  laser 
pulse  was  always  somewhat  shorter  in  duration  than  the  corresponding  fluor¬ 
escence  pulse  and  varied  with  the  gas  pressure  and  current  density  in  a 
similar  manner. 

In  Fig.  5 ,  we  show  some  typical  densitometer  records  of  the  XeCl 

B  -  X  fluorescence  and  laser  emission  spectra  in  the  vicinity  of  X  =  308  nm. 

These  spectra  were  taken  under  discharge  conditions  quite  similar  to  those 
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indicated  for  Fig.  4  during  an  earlier  experiment  using  chamber  1  .  The 
spectral  images  were  recorded  in  the  second-order  on  Polaroid  Type  665 
film  through  the  sampling  camera  on  a  Spex  1401  double -grating  spectro¬ 
meter  of  3/4  m  focal  length  and  2  mm/nm  dispersion  at  X  =  6l6  nm.  Wave¬ 
length  calibration  was  provided  by  the  first-order  spectrum  of  a  low-pressure 
neon  lamp  recorded  on  the  same  film.  The  densitometer  traces  were  gene¬ 
rated  from  the  spectral  images  on  the  negative  film  using  a  Jarrell-Ash 
Model  23-100  scanning  microphotometer.  The  laser-emission  intensity 
appeared  to  be  concentrated  in  two  broad  lines  with  spectral  peaks  located 
at  XQ  =  307.94  and  308.  19  nm ,  respectively.  These  spectral  peaks  are 


Fig.  5  (XIII)  Typical  densitometer  records  of  the  XeCl  B  -  X 

fluorescence  and  laser  emission  spectra  taken  from 
a  ~  200  nsec  pulse  discharge  of  4  x  0.  5  x  1  cm^ 
volume  using  an  Ne  :  Xe  :  HC1  =  989  :  10  :  1  mixture 
at  p  =  6  atm  and  j  ~  2  kA/cm2.  The  relationship 
between  image  density  and  spectral  intensity  is 
roughly  logarithmic  so  that  the  observed  laser- 
oscillator  power  output  was  actually  concentrated 
around  the  two  spectral  peaks  at  XQ  =  307.  94  and 
308.  19  nm ,  corresponding  to  the  strongest 
transitions  within  the  (  0,  1  )  and  (  0,  2  )  vibration¬ 
al  bands  ,  respectively. 


quite  close  to  the  bandheads  assigned  to  the  *^Xe^Cl  B  -  X  (0,  1  )  tran¬ 
sition  at  307.  953  nm  and  the  B  -  X  (0,2)  transition  at  308.  204  nm  by  Sur, 
Hui,  and  Tellinghuisen .  ^  The  two  broad  laser  lines  shown  in  Fig.  5  can, 
therefore,  be  identified  as  laser  oscillations  associated  with  the  highest-gain 
rotational  lines  within  the  XeCl  B  -  X  (0,1)  and  (0,2)  bands,  which  were 
not  spectrally  resolved  by  the  recording  instrument  and  photographic  film. 

As  noted  by  Sur  et  al,  the  rotational  structures  of  these  bands  are  complex 
due  to  the  mixed  coupling  situation,  with  strong  Hund's  case  c  character  in 
the  B  state.  The  spectrum  is  also  highly  congested  on  account  of  the  very 
small  vibrational  spacing  in  the  weakly -bound  X  state.  Identification  of  the 
various  oscillating  laser  mode  lines  with  individual  rotational  lines  would  be 
difficult  even  if  the  laser  emission  lines  were  spectrally  resolved.  In  the 
absence  of  such  an  identification,  the  small-signal  gain  and  non- saturable 
absorption  coefficients  for  the  XeCl  B  -*  X  (0,1)  and  (0,2)  vibrational 
bands,  as  deduced  from  our  preliminary  experiments  described  here,  must 
be  treated  as  some  weighted  average  values  over  the  rotational  structures  of 
these  two  bands.  The  weighing  factors  for  the  various  rotational  states  are 
not  known  but  can  be  estimated  from  the  simplifying  assumption  that  the  rota¬ 
tional  populations  within  the  B  ( v'  =  0  )  and  X  ( v"  =  1 ,  2 )  vibrational  levels 
are  in  quasi- equilibrium  at  an  effective  translational- rotational  temperature 
that  can  be  determined  from  kinetics  and  energy  balance  considerations. 

In  Fig.  6,  we  show  some  typical  oscillograms  of  the  relative  probe- 
beam  intensities  before  and  after  amplification  by  the  excited  XeCl  laser 
plasma  generated  in  discharge  chamber  1  using  the  experimental  arrange- 
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Fig.  6  (XIII)  Typical  oscillograms  from  measurement  of  the 

small-signal  net  gain  coefficient  G  ( X )  =  g  (  K)  -  IC(X) 
at  the  XeCl  B  -*  X  laser  oscillation  wavelengths 
X  =  X0  «  307.  94  and  308.  19  nm  [  Fig.  5  ( XIH )  ] 
using  the  experimental  arrangement  shown  in 
Fig.  2  ( XQI ).  The  excited  medium  was  generated 
in  a  4  x  1  X  1  cm^  volume  discharge  in  chamber  1 
using  an  Ne :  Xe  :  HC1  =  9923  :  70  :  7  mixture  at 
p  =  3  atm  and  j  ~  400  A/cm^.  Each  oscillogram 
was  obtained  with  a  cumulative  exposure  of  5  con¬ 
secutive  pulses. 


ment  illustrated  in  Fig.  I  (i)  and  in  Fig.  2.  Each  oscillogram  was  obtain¬ 
ed  with  a  cumulative  exposure  of  5  consecutive  pulses  to  show  the  magnitude 
of  pulse -to -pulse  variations  of  the  detected  beam  power  at  photodiode  1  ( Fig. 

2 ) .  The  upper  oscillogram  was  obtained  by  pulsing  only  the  probe  beam 
generator,  without  any  discharge  in  chamber  1 .  The  lower  oscillogram  was 
obtained  by  simultaneously  pulsing  both  discharge  chambers  while  keeping 
the  probe  beam  power  output  ( as  monitored  by  photodiode  2 )  the  same  as  in 
the  upper  oscillogram .  The  use  of  a  single  photodiode  for  measuring  both 
Ij  (  XQ  )  and  I,  (  XQ  )  thus  alleviated  the  need  for  cross -calibration  of  two  photo 
detectors  and  of  the  relative  losses  along  two  different  optical  paths.  The 
discharge  conditions  in  chamber  1  were  the  same  as  those  indicated  for  the 
typical  oscillographic  traces  shown  in  Fig.  4  at  p  =  3  atm,  but  the  oscillo¬ 
grams  shown  here  were  taken  at  2.  5  times  higher  sweep  speed  in  the  internal- 
trigger  mode.  It  is  seen  that  the  amplified  beam  intensity  was  now  roughly 
twice  the  initial  probe  beam  intensity  and  that  the  pulse -to -pulse  variations 
of  the  amplified  beam  intensity  were  no  greater  than  those  of  the  initial  probe 
beam  intensity. 

In  Fig.  7 ,  we  show  some  typical  oscillograms  of  the  saturated  XeCl 

B  -  X  laser  oscillator  power  output  ,  observed  at  three  different  values 

of  the  inserted  loss  coefficient  K^.  Each  oscillogram  was,  again,  obtained 

with  a  cumulative  exposure  of  5  consecutive  pulses.  The  excited  medium 

for  the  oscillator  was  generated  in  discharge  chamber  2  using  an  Ne  :  Xe  :  HC1 

2 

a  9923  :  70:  7  mixtures  at  p  =  2  atm  and  j  ~  400  A/cm  .  The  gain  length 
L_  was  14  cm  so  that  the  value  of  K,  s  2.  303  D/L  ,  corresponding  to 
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Fig.  7  (XHI)  Typical  oscillograms  from  measurement  of  the 
saturated  laser -oscillator  power  output  at 

different  values  of  the  cavity-loss  coefficient 
under  otherwise  identical  excitation  conditions 
[  Fig.  3  ( XIII )  ] .  The  excited  medium  was  gene¬ 
rated  in  a  14  x  0.  5  x  1  cm^  volume  discharge  in 
chamber  2  using  an  Ne  :  Xe  :  HC1  =  9923  :  70  :  7 
mixture  at  p  =  2  atm  and  j  ~  400  A/cm^.  Eac 
oscillogram  was  obtained  with  a  cumulative  ex¬ 
posure  of  5  consecutive  pulses. 


insertion  of  one  uncoated  quartz  flat,  was  0.  00544.  The  oscilloscope  was 
internally  triggered  so  that  all  the  pulses  appeared  to  rise  sharply  at  the 
starting  point  which  marked  the  onset  of  gain- switching  within  the  laser  oscil¬ 
lator.  It  may  be  noted  that  successive  insertion  of  each  quartz  flat  caused 
an  approximately  20%  reduction  of  the  mean  pulse  amplitude  and  a  noticeable 
change  in  mean  pulse  shape.  The  reduction  in  pulse  amplitude  was  due  to 
the  increased  K.  .  The  change  in  mean  pulse  shape  was  partly  due  to  shifting 
of  the  gain- switching  point,  and  partly  due  to  the  nonlinear  nature  of  gain- 
saturation.  It  may  also  be  noted  that,  subsequent  to  gain- switching,  the  time 
scale  for  significant  change  of  the  oscillator  power  output  in  each  oscillogram 
(  ~  50  nsec)  was  quite  long  in  comparison  with  the  roundtrip  optical  propaga¬ 
tion  time  of  the  cavity  (  ~  2  nsec  ) .  Thus,  the  saturated  laser  oscillator  can 
be  considered  as  essentially  in  a  quasi-steady-state. 

Using  Eq.  ( 1  )  and  oscillograms  of  the  type  illustrated  in  Fig.  6  ,  the 
averaged  value  of  the  net  gain  coefficient  over  5  consecutive  pulses  can  readi¬ 
ly  be  determined  and  plotted  as  a  function  of  time  for  each  set  of  preselected 
experimental  conditions.  One  such  plot  is  illustrated  in  Fig.  8 .  Here,  the 
experimental  curve  refers  to  the  5-pulse-average  value  of  G  (  XQ  )  obtained 
from  the  oscillograms  shown  in  Fig.  6  .  The  onset  time  of  the  pulse  relative 
to  the  time  of  avalanche  initiation  at  t  =  0  was  fixed  by  examination  of  ex¬ 
ternally  triggered  oscillograms  of  the  type  illustrated  in  Fig.  4 . 

Summaries  of  the  small- signal  gain  coefficient  g[  \  )  and  of  the  co- 
spectral,  non- saturable  absorption  coefficient  K  (  XQ  )  corresponding  to  the 
XeCl  B-X  (0,1)  and  (0,2)  laser  transitions  in  discharge-excited 


Ne/Xe/HCl  mixtures  over  limited  ranges  of  the  initial  mol  ratio,  total  gas 

pressure  p  ,  and  discharge  current  density  j  ,  are  presented  in  Figs.  9  and 

10.  The  approximate  values  of  j  indicated  for  the  two  sets  of  experiments 

refer  to  the  mean  current  densities  deduced  from  the  ratio  between  the  self- 

sustained  discharge  current  I  (Fig.  4)  and  the  cross-sectional  area  of  the 

s  s 

2 

X-ray  aperture.  The  open  points  are  for  j  ~  200  A/cm  at  the  three  differ- 

2 

ent  indicated  mixture  mol  ratios,  and  the  solid  points  are  for  j  ~  400  A/cm 
at  a  single  mol  ratio  Ne  :  Xe  :  HC1  =  9923  :  70  :  7  .  The  experimental  values 
of  K  ( XQ )  and  C(XQ)  were  deduced  from  Eqs.  (19)  and  (20)  using  the  mea¬ 
sured  values  of  G  ( XQ )  ,  P^q  (  XQ )  ,  and  {  XQ  )  corresponding  to  either 
one  or  two  inserted  quartz  flats  in  the  oscillator  cavity.  However,  instead 
of  using  time-averaged  values,  the  experimental  points  are  all  based  on  the 
peak  values  of  G(\Q)  ,  Plq^o^  ’  PL(XQ)  in  the  respective  pulses 

[Figs.  7  and  8].  These  peak  values,  which  were  found  to  be  in  good  time  - 
correlation  with  each  other  in  spite  of  some  uncertainties  due  to  triggering 
jitters,  are  more  appropriate  for  the  quasi- steady- state  conditions  assumed 
in  the  derivation  of  Eq.  (19)  than  the  time-averaged  values. 

As  shown  in  Figs.  9  and  10,  the  experimental  values  of  Q  (  XQ  )  and 

K  (  XQ )  appear  to  be  more  sensitive  to  the  current  density  than  to  the  mixture 

2 

mol  ratio  and  gas  pressure.  At  j  ~  200  A/cm  ,  K  (  XQ  )  appears  to  be  nearly 
independent  of  p  while  g  (  XQ  )  shows  a  weakly  rising  trend.  At  j  ~  400 
A/cm^,  both  K  (  XQ  )  and  Q  (  XQ  )  show  a  more  rapid  rise  with  increasing  p. 

At  fixed  values  of  p  and  mixture  mol  ratio,  both  g  ( XQ )  and  K(XQ)  appear 
to  increase  with  j  at  a  rate  which  is  somewhere  between  the  square  root  and 
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Fig.  10  (XIII)  Non- saturable  absorption  coefficient  K  (  XQ  )  at  wavelength 
XQ  corresponding  to  the  strongest  XeCl  B  ->  X  laser  tran¬ 
sitions  [  Fig.  5  (  XIII )]  as  determined  from  the  peak  value 
of  G  (  XQ  )  and  the  concurrent  value  of  F  =  Plo/^L  obser¬ 
ved  in  the  200  nsec  discharge.  The  theoretical  curves 
for  comparison  with  the  plotted  experimental  points  are 
based  on  a  simplified  quasi- steady-state  model  of  the  dis¬ 
charge  during  the  peak-gain  period. 


the  first  power  of  j  .  The  ratio  between  g  (  \Q  )  and  K  (  XQ  )  is  thus  nearly 
independent  of  the  current  density.  As  is  shown  in  Fig.  11 ,  the  experimen¬ 
tal  value  of  g  (  XQ  ) / K  (  XQ  )  appears  to  lie  between  3.5  and  5.1  over  the 
entire  range  of  parameters  covered  in  our  preliminary  experiments. 

The  net  gain  coefficient  G  (  XQ  )  =  g  (  XQ  )  -  1C  (  \Q  ) ,  as  determined  from 
the  relatively  broad-band  experiments  at  XQ  =  307.  94  and  308.  19  nm,  which 

correspond  to  the  spectral  peaks  of  the  two  strongest  laser  lines  (  Fig.  5  ),  is 
-1  2 

about  0.  15  cm  at  p  =  4  atm  and  j  ~  400  A/cm  .  This  is  comparable  to 

-1  21 

the  net  gain  coefficient  of  0.  18  cm  observed  by  Bourne  and  Alcock  in 
their  narrow-band  (  AX  =  0.  00004  nm  )  gain  measurements  using  a  somewhat 
different  mixture  (  Ne  :  Xe  :  HC1 :  *  3040  :  20 :  4 :  5  )  at  p  =  4  atm  and  j  ~  2 

kA/cm^.  The  dependence  of  0(Xq)  on  gas  pressure  and  on  HC1  mol  frac¬ 
tion  observed  in  our  experiments  are  also  in  good  agreement  with  those 

22 

observed  by  Zheng,  Huo,  and  Wei.  The  absolute  value  of  g  (  XQ  )  obser¬ 
ved  in  our  experiments  is ,  however ,  about  a  factor  of  2  higher  at  comparable 
gas  pressure  and  HC1  mol  fraction.  The  determination  of  g  (  Xq  )  in  Ref.  22 
was  based  on  the  maximum  loss  method  in  which  an  increasing  number  of 
loss  elements  ( dielectric -coated  partial  reflectors)  was  inserted  into  the 
optical  cavity  of  the  XeCl  laser  oscillator  until  the  oscillation  threshold  was 
reached.  Data  reduction  was  based  on  the  modified  Rigrod  equation  suggested 
by  Champagne  et  al,  ’  as  described  earlier  in  Sec.  2.  The  excited 

medium  was  generated  in  am  X-ray  preionized  discharge  of  1.8  x  1.  5  x  70 

3  23 

cm  effective  volume  and  ~  70  nsec  pulse  duration.  The  gas  mixture  amd 


pressure  were  essentially  the  same  as  those  used  in  our  present  experiments, 
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Fig.  11  (xni)  Ratio  between  the  small-signal  gain  coefficient  and  the 
non-saturable  absorption  coefficient  as  deduced  from 
the  values  of  g  (\Q)  and  K  (  \Q  )  shown  in  Figs.  9  (  XIII ) 
and  10  (XIII). 


but  the  current  density  was  somewhat  higher  (  j  ~  0.  6  kA/cm  )  .  To  obtain 

22 

g  (  X  )  from  a  single  measurement,  Zheng  et  al  assumed  that  the  value 
of  K  (  \0  )  in  the  discharge -excited  Ne/Xe/HCl  plasma  was  known.  Speci¬ 
fically,  they  used  a  constant  value  K  (  \Q  )  =  0.  025  cm  *  taken  from  Refs.  24 
and  25.  In  view  of  the  variation  of  K  (  X  )  with  j  observed  in  the  present 

experiments  (Fig.  10),  the  assumed  value  of  0.  025  cm  *  appears  to  be  too 

2 

low  for  j  —  0.  6  kA/cm  .  This  low  value  may  have  contributed  to  the  factor 
of  2  discrepancy  in  Q  (  \Q  )  determined  from  the  two  different  experiments. 

V.  THEORETICAL  INTERPRETATION 
The  variations  of  g,(XQ)  and  1C  (  Xq  )  with  current  density,  gas  pressure, 
and  mixture  mol  ratio  (Figs.  9  and  10)  can  be  interpreted  in  terms  of  the 
known  kinetic  processes  in  the  discharge -excited  XeCl  laser.  ^  How¬ 

ever,  in  order  to  obtain  good  quantitative  agreement  between  theory  and  ex- 

2 

periment,  we  find  it  necessary  to  assume  that  the  XeCl  B  excited  state 

is  one  of  the  important  contributors  to  the  absorption  processes  at  the  laser- 

oscillation  wavelengths  ,  XQ  =  307.  94  and  308.  19  nm . 

The  theoretical  curves  plotted  in  Figs.  9  ,  10  ,  and  11  for  comparison 

with  the  experimental  values  of  g  ( \Q  )  and  K  (  \Q  ) ,  as  well  as  the  ratio 

g(X0)/<(V  '  at  two  d^erent  values  of  j  and  three  different  mixture  mol 

2 

ratios  at  j  ~  200  A/cm  ,  are  based  on  a  simplified  kinetics  model  and  a 

definite  assignment  of  the  excited-state  absorption  cross  section  =  3.  6 
-17  2 

x  10  cm  for  the  process 


(25) 


hvQ  +  XeCl  - -  XeCl  , 


jjc  2 

where  XeCl  denotes  a  xenon  chloride  excimer  at  the  B  E.  .  state,  and 

A  /  “ 

ajejjc 

XeCl  represents  some  unidentified  auto-ionized  or  auto-dissociated  state 

of  XeCl  which  lies  above  the  B  state  with  a  Franck-Condon  energy  gap  which 

27 

is  in  resonance  with  the  laser  photon  hv0  .  The  simplified  model  retains 
all  of  the  essential  excitation,  excimer  formation,  and  quenching  processes 
considered  in  Ref.  26  but  assumes  a  quasi- steady- state  balance  of  the  produc' 
tion  and  destruction  rates  for  the  relevant  excited  species.  The  effect  of  a 
finite  vibrational  relaxation  rate  is  also  taken  into  account  in  determining  the 


fraction  of  B-state  molecules  at  the  v'  =  0  level,  which  contributed  to  the  two 


strongest  B  -•  X  laser  transitions.  The  rotational  population  is  assumed  to 

be  in  quasi-equilibrium  at  an  effective  translational-rotational  temperature 
o 

T  «  320  K,  which  is  estimated  from  the  mean  Joule  heating  rate  and  pulse 
duration  of  the  discharge.  All  spectroscopic  data  for  the  XeCl  B  and  X 
states,  including  the  Franck-Condon  factors  for  the  various  pairs  of  vibra¬ 
tional  levels,  are  taken  from  Ref.  16  .  The  mean  energy  and  energy  distri¬ 
bution  function  of  the  free  electrons,  which  govern  the  electron-impact  exci¬ 
tation  and  attachment  rates,  are  taken  or  extrapolated  from  earlier  computer 
code  calculations.  For  all  of  the  chemical  species  which  never  reach  a 
quasi- steady- state  population  during  the  pulse  discharge  (  e.  g. ,  HC1  ,  H,  Cl 
etc. )  ,  time-averaged  values  deduced  from  earlier  calculations  ^  are  used. 
Even  though  such  a  simplified  model  cannot  be  used  for  calculation  of  the 
transient  plasma  properties  during  the  early  and  late  phases  of  the  discharge, 


it  is  found  to  yield  approximate  numerical  results  which  compare  quite  well 

with  those  obtained  from  detailed  computer  code  calculations  during  the  peak 

gain  period  (Fig.  8)  for  which  the  experimental  points  in  Figs.  9  ,  10  and 

11  are  plotted.  This  model  is,  therefore,  appropriate  and  economical  to 

use  for  interpretation  of  experimental  data  over  a  wide  range  of  parameters. 

In  addition  to  the  excited-state  absorption  process  (  25  ) ,  the  following 

four  absorption  processes,  with  cross  sections  taken  from  Refs.  28  ,  29  , 

2 

24  ,  and  shown  in  parentheses  in  units  of  cm  ,  are  also  included  in  the  theo¬ 
retical  calculation  of  K  (  XQ  )  using  our  simplified  model : 


hvQ  +  Xe*  — -  Xe+  +  e  (6. 3  xlO'20),  (26  ) 

hvQ  +  Xe*  — -  Xe*  +  e  (1.4  xlO-17),  (27) 

hv0  +  Xe2  — Xe*  +  Xe  (2.5  XlO'17),  (28) 

hvQ  +  Cl”  —  Cl  +  e  (2.  1  x  10~17)  ,  (29) 


where  Xe  and  Xe2  represent,  respectively,  Xe  atom  and  Xe  dimer  m 
meta-stable  excited  electronic  states,  and  e  is  a  free  electron.  The  ab¬ 
sorption  processes  (  25  )  through  (  29  )  are  of  the  non-saturable  type  since 
the  absorbing  species  are  all  immediately  ionized  or  dissociated.  The  cross 
section  <j  =  3.  6  x  10  cm  which  we  assumed  in  our  simplified  model  for 
process  (  25  )  in  order  to  obtain  good  agreement  between  theory  and  experi¬ 
ment ,  though  somewhat  larger  than  the  published  cross  sections  for  processes 
(  27  )  ,  (  28  )  ,  and  (  29  )  ,  is  still  of  a  reasonble  magnitude  for  absorption  into 


an  auto-ionized  or  auto-dissociated  state.  It  is  interesting  to  note  that  the 

»  iff 

major  absorbing  species  considered  in  our  theoretical  model,  Xe  ,  Xe^  , 

^  ■  jfc 

Xe£  ,  Cl  ,  and  XeCl  ,  are  all  generated  by  electron-impact  processes , 
or,  at  least,  generated  through  processes  which  are  rate-limited  by  electron- 
impact  processes.  Accordingly,  the  number  densities  of  these  species  during 
the  quasi-steady-state  phase  of  the  pulsed  discharge  can  be  expected  to  be 
roughly  proportional  to  the  current  density  j.  Thus,  the  value  of  K(XQ)  also 
can  be  expected  to  be  roughly  proportional  to  j  as  we  have  observed  experi¬ 
mentally. 


VI.  DISCUSSIONS 

The  proposed  method  has  been  found  to  work  well  in  our  preliminary 
experiments.  Determinations  of  K  (  XQ  )  and  g  (  XQ  )  from  Eqs.  (19)  and 
(20)  are  found  to  be  unambiguous,  as  long  as  the  inserted  cavity-loss  coeffi¬ 
cient  K.  is  suitably  chosen  with  respect  to  the  net  gain  coefficient  G  (  \Q  )  of 
the  excited  medium  being  studied.  The  range  of  value  of  G  (  X  )  must  be 
sufficiently  high  in  relation  to  the  total  time  period  over  which  such  net  gain 
can  be  maintained  so  that  the  laser  oscillator  can  reach  the  assumed  quasi¬ 
steady-state  within  some  small  fraction  of  the  available  inversion  period. 

To  minimize  experimental  scatter  in  repeated  pulse  measurements,  the  pro¬ 
duct  of  net  gain  and  excitation  length  ,  G  (  XQ )  Lm  ,  must  also  be  sufficiently 
large  in  relation  to  the  pulse -to -pulse  amplitude  fluctuations  of  G  (  \Q  )  and 
of  the  probe-beam  intensity.  In  our  preliminary  experiments,  the  substan¬ 
tial  pulse-to-pulse  amplitude  fluctuations  of  Ij  ( XQ )  and  P^(\Q)  (Figs.  6 


and  7)  were  primarily  due  to  the  considerable  time  jitter  of  the  self-triggered 
rail  gap  switches  (Figs.  2  and  3  ).  Such  time  jitter  tended  to  make  good 
synchronization  between  the  preionization  pulse  and  the  main  discharge  pulse 
difficult.  The  complete  lack  of  provisions  for  removal  of  waste  products  and 
for  acoustic  damping  in  the  small  discharge  chambers  may  also  have  contri¬ 
buted  to  the  observed  amplitude  fluctuations.  Suitable  improvements  in  the 
switching  circuits  and  in  the  discharge  chamber  design  would  undoubtedly  in¬ 
crease  the  signal-to -noise  ratio  and  hence  extend  the  range  of  experimental 
parameters  over  which  the  values  of  g  (  \Q )  and  K  (  X  )  can  be  measured. 

The  proposed  method  is  ideally  suited  for  the  determination  of  g  (  XQ ) 
and  K  (  XQ)  in  atomic  systems  with  homogeneously  broadened  spectral  lines. 
For  molecular  systems  with  collision -broadened  rotational  lines  and  wide¬ 
band  distributions  of  gain  and  absorption,  as  in  the  case  of  rare  gas  halogen 
excimers,  spectrally-resolved  measurements  of  g  (  \Q  )  and  K  (  \Q  )  asso¬ 
ciated  with  the  individual  rotational  lines  or  with  some  narrow  portions  of  the 
vibrational- rotational  structures  of  the  gain  profile  would  require  introduction 
of  suitable  wavelength- selection  elements  ( e.  g. ,  gratings,  etalons,  etc.  ) 
into  the  probe  beam  generator  and  the  laser  oscillator.  In  the  interpretation 
of  these  experimental  data,  the  finite  rates  of  vibrational-rotational  energy 
transfer  during  the  narrow-band  stimulated  emission  process  might  have  to 

be  considered  in  the  saturation  analysis.  In  a  narrow  linewidth  injection- 

21 

locked  laser  oscillator  experiment,  Bourne  and  Alcock  have  recently  ob¬ 
served  that  the  entire  output  of  a  high-pressure,  discharge-pumped  XeCl 

-5 

laser  can  be  extracted  within  a  very  narrow  linewidth,  AX  =  4  X  10  nm , 


of  the  injected  signal*  as  long  as  the  injected  signal  wavelength  was  not  too 
far  off  either  the  (0,1)  or  the  (0,2)  spectral  peak  of  the  XeCl  B  -  X  spon¬ 
taneous  emission  (Fig.  5,  upper  spectrum).  The  discharge  volume  was 
3 

30x1x2  cm  and  the  transmission  line  electrical  length  was  47  nsec.  Othe 

discharge  parameters  (  Ne  :  Xe  :  HC1 :  =  3040  :  20  :  4 :  5  at  p  =  4  atm ,  j~2 

2 

kA/cm  )  were  quite  comparable  to  those  used  in  the  discharge -pumped  XeCl 
laser  experiments  reported  in  Refs.  5  ,  22  ,  23  ,  and  in  the  present  experi¬ 
ments.  The  experiments  of  Bourne  and  Alcock^*  thus  showed  that,  at  least 
for  some  molecular  laser  systems  such  as  the  XeCl  excimer  laser  at  high 
gas  pressures  and  high  current  densities,  the  rates  of  vibrational -rotational 
energy  transfer  within  the  upper  and  lower  electronic  states  during  the  narrow 
band  stimulated  emission  process  are  so  fast  that  the  molecular  band  systems 
associated  with  the  strong  laser  transitions  behave  very  much  like  2-level 
atomic  systems  with  homogeneously  broadened  lines  of  very  large  spectral 
widths  [i.  e. ,  equivalent  values  of  y  ^  in  Eqs.  (13)  and  (14)  comparable 
to  the  frequency-bandwidths  of  the  corresponding  molecular  emission  bands 
in  the  absence  of  stimulated  emission].  If  so,  the  simple  formulation  based 
on  the  2-level  system  ( Sec.  2  )  may  still  be  valid  for  the  determination  of 
g  (  \Q  )  and  K  (  XQ  )  in  narrow-band  measurements.  We  consider  this  to  be 
a  conjecture,  which  needs  to  be  tested  in  suitably  designed  experiments. 

It  should  be  noted  that  during  our  derivation  of  the  approximate  formula 
for  explicit  determination  of  K  (  XQ  )  from  the  experimental  values  of  G  (  \Q  ) 
and  T  for  any  fixed  set  of  excitation  conditions  [  Eq.  (  19  )  ]  ,  we  have  impli¬ 
citly  assumed  that  the  value  of  1C  (  \ )  in  the  excited  medium  remained  the 


same  during  the  two  separate  measurements  illustrated  in  Fig.  1 .  This 


assumption  is  valid  only  when  K(\q)  is  independent  of,  or,  at  least ,  insen¬ 
sitive  to  the  laser  radiation  intensity.  For  the  XeCl  B  -  X  laser ,  our 

2 

preliminary  experiments  indicated  that  the  upper  laser  level  B  £  .  may  also 
be  one  of  the  most  important  absorbers.  If  so  ,  K  (  XQ )  cannot  be  insensitive 
to  the  radiation  intensity.  Measurements  of  G  (  XQ  )  and  (  XQ  )  at  several 
overlapping  intensities  of  the  probe  beam  and  of  the  beam  waves  within  the 
saturated  laser  oscillator,  together  with  suitable  modifications  of  the  laser 
amplifier  and  oscillator  equations,  may  allow  us  to  determine  the  intensity- 
dependence  of  K  (  \Q  )  and  also  answer  the  question  of  whether  the  B  state  is  • 
indeed,  an  important  absorber  in  the  XeCl  B  -  X  laser. 
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XIV.  REVERSAL  OF  SPECTRAL  NARROWING  OF  XENON  CHLORIDE 


B  2E  -  X2I  EMISSION  OBSERVED  AT  HIGH  GAS  PRESSURES +  + 
(S.  C.  Lin,  Q.  H.  Lou,  and  Q.  S.  He,  preliminary  results 
presented  at  the  International  Conference  on  Lasers  '82,  New 
Orleans,  U.S.A.  ,  December  13th  to  17th,  1982  ;  final  paper 
in  preparation  for  publication  in  the  Journal  of  Quantitative 
Spectroscopy  and  Radiative  Transfer  ) 

Summary 

For  the  rare  gas  halogen  excimers  ,  it  is  well  known  that  the  spec- 
2  2 

tral  width  of  the  B  E  -  X  E  spontaneous  emission  generally  decreases 

with  increasing  gas  pressure  due  to  more  rapid  vibrational  relaxation  with 
2 

in  the  B  E  excited  electronic  state.  In  some  recent  experiments,  we 
have  observed  a  re-broadening  of  the  emission  spectrum  at  gas  pressures 
higher  than  a  certain  value  pr  which  is  of  the  order  of  5  atm ,  depending 
on  the  gas  composition.  Alternative  interpretations  of  this  re-broaden¬ 
ing  phenomenon  are  given  and  discussed. 
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T5 _ _ L  _ 3  1 _ i.1 _ M-J.' _ 1  C  _ _ TT* _ _ - _ 3 _ /"* _ a. 


iwu.mmvuvv  to  r  v  v 

v\*.r 


i 

v.V 

y«  * 

Vj* 

[£v 

F-1? 

rt? 


K-V 
V 


f.  -\ 
■;0; 

C^;*' 

S- 

v. 


:--.y 

1 

/» Vw 

ft 

ten 

1 

$ 

fa 

J:-- 


% 

r*f- 


1.  INTRODUCTION 

The  emission  spectra  of  several  diatomic  rare  gas  halogen  excimers, 
especially  XeF  ,  XeCl  ,  XeBr  ,  Xel  ,  and  KrF  ,  have  been  studied  quite 


extensively  in  recent  years. 


1-8 


These  studies  followed  immediately  the 


9  10 

exploratory  works  of  Golde  and  Thrush  and  of  Velazco  and  Setser  in 
1974  and  1975,  which  subsequently  stimulated  a  very  rapid  development  of 
this  important  class  of  short -wavelength  lasers.**  *^  The  spectra  were 
generated  in  flowing -afterglows  at  gas  pressures  ranging  from  1  to  several 
tens  of  torr,  and  in  electron-beam-excited  gas  mixtures  over  the  pressure 
range  0.  3  <  p  <3  atm.  The  spontaneous  emission  spectrum  from  each 
excimer  generally  consists  of  several  band  systems.  The  strongest  system 
is  in  the  ultraviolet  and  has  been  assigned  to  the  electronic  transition  B  ^E  - 

It 


X  ^E  .  This  band  system  also  showed  the  strongest  laser  actions  **  *^ 


is,  therefore,  most  commonly  used  in  the  high  power  laser  generation  ex¬ 
periments  in  the  ultraviolet.*^  ^ 

In  one  of  the  early  papers,  Brau  and  Ewing  ^  had  discussed  at  consid¬ 
erable  length  the  difference  in  spectral  widths  of  the  B  ^E  -  X  ^E  bands  of 
XeCl  and  XeBr  observed  at  high  and  low  gas  pressures.  The  low  pressure 
spectra  obtained  from  the  flowing -afterglow  experiments  ***  were  generally 
found  to  be  much  broader  and  also  more  diffuse  than  the  high  pressure  spectra 
obtained  from  the  e-beam  excitation  experiments.^  Broadening  of  the  low 
pressure  spectra  occurred  mostly  on  the  short  wavelength  side,  usually  in  the 
form  of  an  undulating  but  gradually  decreasing  intensity  distribution  which 
extends  further  into  the  ultraviolet  with  decreasing  gas  pressure.  This  has 


2 

been  interpreted  by  Brau  and  Ewing  as  a  vibrational  relaxation  phenomenon 

associated  with  the  excimer  formation  and  radiation  processes.  That  is, 

2 

the  B  I  excimers  were  all  formed  by  slow  atomic  (or  ionic)  collisions  at 
large  internuclear  distances  far  removed  from  their  respective  potential  ener- 


16 

gy  minima.  Due  to  their  strong  ionic  bonds  and  deep,  tight  potential  wells, 
these  newly  formed  excimers  were  left  with  large  amounts  of  initial  vibration¬ 
al  and  rotational  excitation.  At  the  low  gas  pressures  used  in  the  flowing- 
afterglow  experiments,  vibrational  relaxation  was  ineffective  since  the  newly 
formed  excimers  could  make  very  few,  if  any,  subsequent  collisions  within 
the  ~  10  sec  radiative  life  time  of  the  B  2I  state.  Spontaneous  emissions 
originating  from  the  relatively  populous  excited  vibrational  levels  v’  £  1  would 
then  account  for  the  observed  spread  of  the  spectrum  on  the  short- wavelength 
side.  At  the  high  gas  pressures  used  in  the  e -be am -excitation  experiments, 
vibrational  relaxation  was  more  rapid.  The  reduced  radiation  intensity  from 
the  v'  s  1  levels  thus  caused  the  emission  spectrum  to  appear  narrower. 

This  interpretation  was  found  to  be  consistent  with  all  subsequent  experiments 
in  which  the  method  of  excitation  was  fixed  but  the  gas  pressure  was  varied. 
Within  each  method  of  excitation,  the  spectral  width  AX  of  the  B  2£  -  X  2£ 
spontaneous  emission  was  always  found  to  decrease  with  increasing  gas  pres¬ 
sure  up  to  the  highest  pressures  employed.5,  14,  l6,  25 

In  this  paper,  we  present  some  new  experimental  results  from  our  re¬ 
cent  measurement  of  AX  for  the  XeCl  B  Z£  -  X  Z£  spontaneous  emission  over 

the  pressure  range  0.6  <  p  <  15  atm.  The  radiation  source  is  a  small 
3 

(  ~  1  cm  ),  homogeneous  volume,  pulsed  avalanche/ self- sustained  discharge 


Ln  dilute  Ne/Xe/HCl  and  He/Xe/HCl  mixtures  at  discharge  current  density 
0.  25  <  j  <2  kA/cm^.  For  convenient  comparison  with  earlier  works, ^  the 
spectral  width  AX  is  defined  here  as  the  full-width  at  the  half-maximum 
intensity  point  (  FWHM  )  of  the  spontaneous  emission  spectrum  plotted  in  the 
wavelength  scale  calibrated  in  air  under  typical  laboratory  conditions.  As 
one  would  expect,  the  spectral  width  generally  varies  with  the  current  density 
and  mixture  composition  as  well  as  with  the  total  gas  pressure.  Because  of 
the  relatively  high  gas  pressures  employed,  the  numerical  value  of  AX  obser¬ 
ved  in  the  present  experiments  is  in  the  range  of  1.  1  to  1.7  nm,  which  is  con¬ 
sistently  narrower  than  the  value  of  2.  3  nm  observed  in  Ref.  2  at  p  «  0.  34 
atm  in  an  e-beam  excited  Ar  :  Xe  :  Cl^  =  8992  :  1000  :  8  mixture.  The  most 
significant  result  from  the  present  experiments,  however,  is  that  the  previous 
ly  observed  trend  of  decreasing  spectral  width  with  increasing  gas  pressure 
for  a  given  gas  mixture  at  a  fixed  excitation  current  density  seems  to  continue 
only  up  to  a  certain  pressure  p^.  At  pressures  higher  than  pr  ,  the  trend 
reverses  and  the  spectral  width  becomes  an  increasing  function  of  the  gas  pres 
sure.  The  reversal  pressure  pr  ,  which  can  be  defined  as  the  gas  pressure 
at  which  AX  reaches  a  minimum  value,  is  found  to  be  relatively  insensitive 
to  the  current  density  j  ,  but  quite  sensitive  to  the  mixture  composition.  For 
example,  when  neon  is  used  as  the  diluent  gas  in  a  mixture  of  initial  mol  ratio 
Ne  :  Xe  :  HC1  =  989  :  1 0  :  1  ,  the  observed  value  of  pf  is  approximately  7  atm. 
When  helium  is  used  in  place  of  neon  as  the  diluent  gas  at  the  same  mol  ratio, 
the  reversal  pressure  is  reduced  to  p^  «  4  atm. 


2.  EXPERIMENTAL  ARRANGEMENT 


The  experimental  arrangement  for  generating  the  emission  spectrum 
is  illustrated  in  Fig.  1.  The  excimer  molecules  are  continuously  formed 
and  destroyed  during  a  homogeneous  volume,  pulsed  avalanche /self- sustained 
discharge  of  approximately  200  nsec  duration.  The  discharge  is  produced 
inside  an  x-ray  preionized  high  pressure  chamber  of  about  8  cm  inside  dia¬ 
meter  and  7  cm  maximum  interior  height.  As  described  in  Ref.  26  ,  the 
discharge  is  driven  by  a  transmission -line -type  pulse  forming  network  (not 
shown  in  diagram)  of  easily  adjustable  output  impedance.  The  aluminum 
anode  and  cathode  are  of  relatively  large  outer  diameter  (  ~  5  cm )  but  the 
geometry  and  cross-sectional  area  of  the  discharge  are  precisely  controlled 
within  the  central  uniform-field  region  by  the  aperture  opening  of  the  x-ray 
preionization  source.  In  the  present  experiments,  the  x-ray  aperture  is  a 
round  opening  of  1.2  cm  diameter  and  the  separation  distance  d  of  the  two 

opposing  flat  electrode  surfaces  is  kept  constant  at  0.  5  cm.  Thus,  the 

2 

cross-sectional  area  of  the  discharge  column  is  about  1  cm  and  the  total 

3 

discharge  volume  is  fixed  at  ~  0.  5  cm  . 

2  2 

The  temporal  variation  of  the  total  B  Z  -»  X  Z  spontaneous  emission 
(fluorescence  )  intensity  during  the  pulsed  discharge  is  monitored  through 
one  of  the  two  uv  windows  on  the  discharge  chamber,  using  an  ITT  biplanar 
photodiode  together  with  a  12  nm  FWHM  band-pass  filter  of  17%  maximum 
transmittance  at  X  =  306  nm  (Oriel  No.  5703  ).  For  observation  of  the  spec¬ 
tral  distribution  and  for  measurement  of  the  spectral  width  of  the  XeCl  B  ^Z 
2 

-  X  Z  fluorescence,  only  time -integrated  spectral  are  used  in  the  present 


ENTRANCE 


Fig.  1  (XIV)  Experimental  arrangement  for  taking  time -integrated 
spectra  of  the  XeCl  B  -•  X  spontaneous  emission 
from  the  small-volume  ,  pulsed  avalanche/ self- 
sustained  discharge  ,  and  for  monitoring  the  temporal 
variations  of  the  total  emission  intensity  during  the 
pulsed  discharge. 


study.  As  illustrated  in  Fig.  1  ,  the  time-integrated  spectra  are  obtained 

by  imaging  the  central  portion  of  the  0.  5  cm  X  1.  2  cm  diameter  discharge 

column  onto  the  opened  entrance  slit  of  a  spectrometer  at  approximately  1  :  1 

magnification  using  a  single -element  fused  silica  lens  of  2.  5  cm  diameter 

and  10  cm  focal  length.  The  spectrometer  is  actually  a  Spex  Model  1401 

3/4-meter  Czerny-Turner  double -grating  monochromator /spectrometer  with 

102  X  102  mm  gratings  of  1200  grooves/mm  blazed  at  X  =  500  nm  and  f/6.  8 

beam-forming  mirrors.  Since  this  instrument  has  a  short-wavelength  cut- 

2  2 

off  near  the  spectral  peak  of  the  XeCl  B  Z  —  X  £  emission,  only  the  second- 
order  spectrum  in  the  vicinity  of  X  ~  616  nm  is  utilized  for  measurement  of 
the  spectral  width  AX.  For  improvement  of  the  signal-to-noise  ratio  in  this 
second-order  spectrum,  a  uv  band-pass  filter  with  train smittance  greater 
than  80%  within  the  pass-band  300  <  X  <  400  nm  and  negligible  (  <  1%  ) 
transmittance  for  X  >  500  nm  (Melles  Griot  filter  No.  03FCG009  )  is  insert¬ 
ed  near  the  entrance  slit  of  the  spectrometer.  To  prevent  over-exposure, 
neutral-density  uv  filters  are  also  added  occasionally. 

The  time-integrated  spectra  are  recorded  on  Polaroid  Type  665  films 
using  the  sampling  camera  provided  by  the  Spex  Model  1401  spectrometer. 
The  camera  actually  samples  only  the  output  beam  from  the  first  diffraction 
grating  so  that  the  full  noise  rejection  potential  of  this  double -grating  instru¬ 
ment  is  not  being  utilized.  This,  however,  is  unimportant  since  scattered 
light  within  the  spectrometer  has  not  been  a  significant  source  of  error  in 
our  present  study  of  the  spectral  width  at  the  half- maximum -intensity  point. 


The  Ne/Xe/HCl  and  He/Xe/HCl  mixtures  used  in  the  discharge  are 
prepared  in  a  gas  mixing  system  constructed  of  Monel  and  stainless  steel. 
Chemically  pure  (CP  grade)  gases,  typically  of  99.9%  purity  rating,  from 
commercial  suppliers  (Matheson,  Airco,  and  MG  Scientific  Co.  )  are  used 
without  further  purification.  The  gases  are  premixed  in  a  stainless  steel 
tank  of  9.  5  liter  volume  for  30  minutes  or  longer  before  being  transferred 
into  the  discharge  chamber.  The  mixing  tank  is  equipped  with  a  full-length, 
distributed-orifice  mixing  tube  to  ensure  rapid  homogeneous  mixing  at  high 
gas  pressures.  The  tank  is  also  pre-evacuated  to  minimize  initial  contami¬ 
nation.  For  accurate  determination  of  the  pressure-dependence  of  AX  ,  a 
single  batch  of  gas  mixture  is  normally  employed  for  generating  all  the  time- 
integrated  spectra  at  the  different  gas  pressures  in  sequential  experiments. 

3.  SPONTANEOUS  EMISSION  PULSE  SHAPE  AND 

PULSE  AMPLITUDE  FLUCTUATION 

Determination  of  the  spectral  width ,  AX  ,  of  the  spontaneous  emission 

intensity  from  the  time -integrated  spectra  obtained  in  the  manner  just  describ 

ed  requires  specific  knowledge  of  the  photographic  film  sensitivity  within  the 

spectral  region  of  interest.  Accordingly,  an  in  situ  calibration  of  the  Polar 

oid  Type  665  film  sensitivity  in  the  vicinity  of  X  —  6 1 6  nm  is  carried  out 

for  each  set  of  measurements.  This  is  accomplished  by  a  direct  comparison 

of  the  developed  film  density  of  several  photographic  images  of  the  XeCl  B  ^Z 

2 

-  X  Z  second-order  spectrum  recorded  on  the  same  sheet  of  film  under  a 
fixed  set  of  experimental  conditions  but  at  different  cumulative  exposures. 


The  cumulative  exposure,  in  turn,  is  measured  by  the  total  number  of  con¬ 
secutive  discharge  pulses  used  for  forming  the  photographic  image.  This 
method  of  calibration  does  not  require  a  precise  control  of  the  film  develop¬ 
ment  procedure,  nor  does  it  require  a  sheet-to-sheet  reproducibility  of  the 
film  sensitivity.  The  accuracy  of  this  method,  however,  does  depend  on 
the  pulse -to -pulse  reproducibility  of  the  spontaneous  emission  intensity  from 
the  discharge,  especially  when  the  number  of  consecutive  pulses  employed 
for  forming  each  image  is  not  very  large. 

In  Fig.  2,  we  show  some  typical  waveforms  of  the  discharge  voltage 
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pulse  and  of  the  total  XeCl  B  Z  -  X  T.  spontaneous  emission  intensity  obser¬ 
ved  at  different  values  of  the  initial  gas  pressure  p  and  at  two  different  levels 
of  the  self- sustained  discharge  current  density  j  .  The  gas  mixture  is  at  a 
fixed  initial  mol  ratio  Ne  :  Xe  :  HC1  =  989  :  10  :  1  .  The  electrical  length  (  2- 
way  propagation  time)  of  the  transmission  line  for  supplying  the  discharge 
current  is  fixed  at  200  nsec  and  the  initial  voltage  V0  on  the  transmission 
line  at  the  time  of  avalanche  initiation  is  also  kept  constant  at  approximately 
26  kV.  As  previously  noted  in  Ref.  26,  the  self-sustained  discharge  current 
observed  in  the  small  volume  discharge  is  essentially  a  square  pulse  of  ~  200 

nsec  duration  and  of  amplitude  I  »  (V  -  V  )/Z  ,  where  Z  is  the  output 

o  s  s  o  o 

impedance  of  the  transmission  line,  and  V  is  the  self-sustaining  voltage 

s  s 

across  the  discharge  plasma  observed  after  the  initial  voltage  collapse  asso¬ 
ciated  with  the  avalanche  process  but  before  the  switching  wave  is  reflected 
from  the  far  end  of  the  transmission  line  back  to  the  plasma  at  t  ~  200  nsec. 


The  voltage  traces  in  Fig.  2  show  that  at  the  lower  gas  pressures,  Vgs 
is  approximately  constant  over  the  major  fraction  of  the  200  nsec  discharge 
period.  As  the  gas  pressure  p  increases,  the  time  required  for  completion 
of  the  avalanche  process  becomes  progressively  longer  so  that  the  period  of 
nearly  constant  Vgs  becomes  correspondingly  shorter.  The  nearly  constant 
V__  *  whenever  observable,  is  roughly  proportional  to  p  but  quite  independent 
of  j  .  These  voltage  characteristics  are  due  to  the  facts  that  the  net  exponen¬ 
tiation  rate  of  free  electron  number  density,  d(logng  )/dt  ,  in  a  rare  gas  halo¬ 
gen  mixture  is  a  rapidly  in  creasing  function  of  the  electric  field  strength  to 

gas  density  ratio,  E/n  ;  and  that  the  steady-state  value  (E/n)  correspond- 

s  s 

ing  to  d(logne)/dt  =  0  is  approximately  constant  over  a  wide  range  of  values 
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of  the  electron  mol  fraction  [  e  ]  =  ng/n  .  In  a  homogeneously  initiated 

electron  avalanche  sustained  by  a  transmission-line -type  pulse  forming  net- 
29 

work,  there  is  no  significant  space  charge  field  within  the  discharge  gap  d 
so  that  the  local  field  strength  is  simply  E  =  V/d.  Upon  initiation  of  the 

avalanche,  the  voltage  V  is  a  monotonically  decreasing  function  of  time  so 

\ 

that  the  peak  value  of  E/n  ,  and  consequently  the  maximum  rate  of  electron 

exponentiation,  are  all  limited  by  the  initial  voltage  to  gas  pressure  ratio,  VQ/p 

Thus,  at  a  fixed  Vo  ,  the  total  time  required  for  exponentiation  of  ne  from 

the  initial  preionization  level  n  to  the  quasi- steady- state  level  (n_)„„s 

( j/e  y,  )«,„  ,  where  e  and  v_  denote,  respectively,  the  electronic  charge  and 

the  electron  drift  velocity,  can  be  expected  to  vary  inversely  with  the  initial 

gas  pressure  p.  Since  (E/n)  is  insensitive  to  n  or  j  ,  the  self-sus- 

s  s  c 

taining  voltage,  V  =  (E/n)  nd  ,  can  be  expected  to  be  proportional  to  the 


initial  pressure  p  and  to  remain  approximately  constant  during  the  quasi¬ 
steady-state  period  of  the  pulsed  discharge.  The  observed  values  of  V 

s  s 

and  of  the  avalanche  completion  time  are  generally  in  good  quantitative  agree- 
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ment  with  recent  theoretical  model  calculations.  ' 

2  2 

From  Fig.  2  ,  it  is  seen  that  the  waveform  of  the  XeCl  B  E  -  X  E 
spontaneous  emission  is  roughly  bell-shape,  with  an  onset  time  at  approxi¬ 
mately  the  avalanche  completion  time  and  a  peak  value  which  varies  with  both 
the  gas  pressure  p  and  current  density  j.  As  noted  earlier  in  Ref.  26  ,  the 
full-width  at  half-maximum  intensity  (FWHM)  pulse  duration  of  this  emission 
at  a  given  current  density  appears  to  decrease  monotonically  with  increasing 
gas  pressure.  At  a  given  gas  pressure,  the  pulse  duration  is  also  found  to 
decrease  somewhat  with  increasing  current  density.  These  effects  are  most 
likely  caused  by  more  rapid  quenching  of  the  B  2E  excimers  and  more  rapid 
depletion  of  the  initial  HC1  mol  fraction  at  higher  values  of  p  and  j  . 

The  pulse  shape  of  the  XeCl  B  -*  X  emission  is  quite  reproducible  in 
repetitive  discharges  under  a  fixed  set  of  experimental  conditions.  The  pulse 
amplitude  of  this  emission,  however,  is  found  to  fluctuate  randomly  from 
pulse  to  pulse  by  an  amount  which  varies  with  the  gas  pressure.  Thus,  at 
p  £  2  atm,  the  maximum  excursion  of  the  pulse  amplitude  observed  in  20  con¬ 
secutive  pulses  is  typically  +6%  about  the  mean  amplitude.  At  p  =  8  atm,  the 
maximum  excursion  is  typically  +11%.  At  p  =  14  atm,  the  maximum  excur¬ 
sion  is  increased  to  +24%.  This  amplitude  fluctuation  is  primarily  caused 
by  the  fluctuation  in  current  density  j  in  consecutive  discharge  pulses.  The 
fluctuation  in  j  ,  in  turn ,  is  due  to  variations  in  V0  and  ngo  caused  by 
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breakdown-voltage-fluctuation  and  time-jitter  of  the  self-triggered  rail  gap 


switch  used  for  transferring  the  pulse-charged  transmission  line  voltage  Vc 

ZZ  Z6 

to  the  discharge  electrodes  at  the  peak  of  the  preionization  pulse.  ’  The 
pulse-to-pulse  fluctuations  of  the  avalanche  rate  d(logne)/dt  and  of  j  earn 
be  expected  to  be  more  severe  at  the  higher  gas  pressures  on  account  of  the 
more  marginal  initial  E/n  mentioned  earlier. 

4.  DETER MINATION  OF  SPECTRAL  WIDTH  FROM 
THE  TIME -INTEGRATED  SPECTRUM 
A  typical  sequence  of  the  time-integrated  spectrum  of  the  XeCl  B  - 

2 

X  Z  spontaneous  emission  recorded  in  the  second-order  by  the  sampling  cam¬ 
era  on  the  Spex  1401  double-grating  spectrometer  (Fig.  1)  using  Polaroid 
Type  665  film  is  reproduced  in  Fig.  3.  For  wavelength  calibration,  the  neon 
line  spectrum  in  the  vicinity  of  \  ~  6 16  nm  recorded  in  the  first-order  by 
the  same  camera  is  also  shown  at  the  top  and  bottom.  The  small  neon  lamp 
(Oriel  Model  C- 13-02)  is  placed  in  front  of  the  10  |jm  entrance  slit  of  the 
spectrometer  and  aligned  with  the  optical  axis  of  the  discharge  chamber  to  en¬ 
sure  calibration  accuracy.  The  gas  mixture  is  at  a  fixed  mol  ratio  Ne  :  Xe  : 
HC1  =  989:  10:  1  and  the  gas  pressure  is  set  sequentially  at  p  =  2  ,  4  ,  and 
8  atm  as  indicated.  The  transmission  line  output  impedance  ZQ  is  fixed  at 
12.  5  fl  and  the  avalanche-initiation  voltage  is,  again,  set  at  VQ  «  26  kV. 

Using  the  self- sustained  voltage  Vgg  indicated  by  the  voltage  traces  in  Fig.  2, 
we  can  readily  deduce  the  self- sustained  discharge  current  from  the  simple 
formula  I  «(Vo-Vsg)/Z0.  The  result  is  I  »  2.  1  kA  at  p  =  I  atm  and 
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Fig.  3  (XIV)  Samples  of  the  time-integrated  spectrum  of  the  XeCl 
B  -  X  spontaneous  emission  taken  in  the  second-order 
at  different  gas  pressures  and  with  different  cumulative 
exposures.  Wavelength  calibration  is  provided  by  the 
neon  line-spectrum  taken  in  the  first-order. 
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I  k  1.9  kA  at  p  =  8  atm.  Thus,  the  self- sustained  current  density  within 

the  1.  2-cm-diameter  discharge  column  can  be  considered  as  essentially  con- 
,  2 

stant  at  j  ~  2  kA/cm  throughout  this  exposure  sequence. 

The  three  spectral  images  shown  in  Fig.  3  for  each  fixed  value  of  p 
are  obtained  by  time-integration  of  20  ,  10  ,  and  5  consecutive  pulses  , 
respectively,  so  that  the  total  exposure  is  decreased  by  a  factor  of  2  in  suc¬ 
cessive  steps.  The  spectral  resolution  of  the  Spex  1401  spectrometer  is 
about  0.  004  nm  at  X  =  308  nm.  In  the  image  plane  of  the  sampling  camera, 
the  dispersion  is  2  mm/nm  at  X  =  6 16  nm .  The  Polaroid  Type  665  film  pro¬ 
vides  a  positive -negative  image  pair  for  each  exposure.  The  positive  image 
is  on  opaque  paper  with  a  relatively  poor  resolution  of  14-20  line  pairs /mm. 
The  negative  image  is  on  semi-transparent  film  with  a  160  -  180  line  pairs/mm 
spatial  resolution,  which  is  compatible  with  the  dispersion  and  spectral  reso¬ 
lution  of  the  spectrometer  using  a  10  pm  entrance -slit -width.  Therefore, 

only  the  negative  image  is  utilized  for  determination  of  the  spectral  width  AX . 

In  Fig.  4,  we  show  a  typical  strip-chart  record  of  the  photographic 
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grain  density  of  the  developed  negative  image  of  the  XeCl  B  £  -  X  Z  emis¬ 
sion  spectrum  over  a  relatively  broad  wavelength  interval,  300  <  X  <311  nm. 
The  image  is  obtained  from  a  20-pulse  exposure  at  p  =  2  atm  and  j  ~  2 
kA/cm^,  using  an  Ne  :  Xe  :  HC1  =  989  :  10  :  1  mixture.  The  strip-chart  record 
is  obtained  from  a  Jarrell-Ash  Model  23-100  scanning  microphotometer. 

The  wavelength  scale  is  deduced  from  the  neon  line  spectrum  taken  on  the 
same  negative  film  where  the  XeCl  second-order  spectrum  is  recorded 
(Fig.  3  ).  The  gross  features  of  this  time -integrated  spectrum,  such  as  the 
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Fig.  4  (XIV) 


WAVELENGTH,  A  (nm) 

Relative  spectral  intensity  distribution  of  the  XeCl 
B  -•  X  spontaneous  emission  as  measured  by  the  image 
density  of  the  time -integrated  spectrum  recorded  in 
the  second-order  on  Polaroid  Type  665  negativ  film. 
The  wavelength  scale  is  deduced  from  the  neon  line- 
spectrum  [Fig.  3  (XIV)]. 


main  spectral  peak  at  X  «  308  nm,  the  rapid  fall-off  of  the  spectral  intensity 

on  the  long -wavelength  side  of  the  main  peak,  and  the  much  slower  fall-off 

of  the  spectral  intensity  on  the  short-wavelength  side  with  undulating  peaks  of 

successively  lower  intensities  which  characterize  the  vibrational  structure 

2 

of  the  upper  electronic  state  B  I,  are  all  quite  similar  to  those  observed  by 

2  3  8 

the  earlier  investigators  at  somewhat  lower  gas  pressures.  ’  ’  The  band- 

head  wavelengths  corresponding  to  the  various  v'  -  v"  vibrational  transitions 

35 

as  assigned  in  Refs.  3  and  8  for  the  more  abundant  isotope  component  Xe  Cl 

are  also  marked  by  several  vertical  arrows  for  convenient  identification  of  the 

successive  secondary  peaks  in  the  emission  spectrum. 

Our  method  of  in  situ  film  sensitivity  calibration  for  the  sole  purpose  of 

spectral  width  determination  can  be  explained  by  referring  to  the  sample  sets 

of  densitometer  traces  illustrated  in  Fig.  5  .  These  traces  show  the  spectral 

image  density  distribution  of  the  strongest  emission  bands  around  X  w  308  nm 

in  somewhat  more  details  than  the  one  shown  in  Fig.  4.  The  bandhead  locations 

for  the  various  vibrational  transitions  v'  -  v"  corresponding  to  the  v'  =  0  and 

1  sequences  as  marked  by  vertical  arrows  above  one  set  of  traces  are,  again, 

taken  from  Refs.  3  and  8.  Each  set  of  traces  is  obtained  by  scanning  three 

images  developed  on  the  same  sheet  of  negative  film  in  sequential  exposures  of 

the  type  shown  in  Fig.  3  .  The  three  images  in  each  set  correspond  to  the  same 

2 

discharge  conditions  (  j  ~  2  kA/cm  in  Ne  :  Xe  :  HC1  =  989  :  10  :  1  mixture  at 
p  =  1  ,  4  ,  8  ,  and  14  atm,  respectively)  but  different  cumulative  exposures 
as  indicated  by  the  number  of  consecutive  discharge  pulses  marked  for  each 
trace.  All  the  traces  shown  here  are  generated  at  the  same  scanning  speed 
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Fig.  5  (XIV  )  Samples  of  sequential  densitometer  traces  of  the  time- 

integrated  spectral  image  density  used  for  determination 
of  the  spectral  width,  AX  ,  of  the  XeCl  B  —  X  spon¬ 
taneous  emission.  The  three  spectral  images  within 
each  set  correspond  to  exactly  the  same  pulsed  discharge 
conditions,  but  are  different  from  each  other  by  factors 
of  2  in  cumulative  exposures. 
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so  that  they  share  the  same  horizontal  wavelength  scale.  The  three  densi¬ 
tometer  traces  within  each  image  set  are  obtained  at  a  fixed  vertical  sen¬ 
sitivity  of  the  microphotometer  servo  loop  and  are  also  plotted  from  a  common 
film  background  noise  level  corresponding  to  the  unexposed  (zero  image  den¬ 
sity)  regions,  so  that  points  of  the  same  vertical  height  correspond  to  points 
of  the  same  image  density.  Assuming  that  the  spectral  response  of  the  photo¬ 
graphic  film  is  flat  over  the  wavelength  interval  of  interest,  and  that  there 
exists  a  unique,  but  not  necessarily  linear,  relationship  between  the  local 
image  density  and  the  total  local  exposure  within  the  same  sheet  of  film,  then 
the  vertical  heights  of  the  densitometer  traces  so  plotted  can  be  used  for  mutual 
calibration  of  the  total  local  exposure  at  different  points  of  the  three  spectral 
images  within  the  same  set.  Accordingly,  the  FWHM  spectral  width,  AX  , 
can  be  determined  by  locating  the  half-maximum  exposure  points  on  the  spec¬ 
tral  image  through  a  proper  height- comparison  of  any  adjacent  pair  of  densi¬ 
tometer  traces  within  the  same  set  which  differ  from  each  other  only  in  cumu¬ 
lative  exposure  by  exactly  a  factor  of  2.  This  is  illustrated  in  Fig.  5  where 
the  horizontal  line  H-M  is  drawn  through  the  peak  of  the  middle  trace  cor¬ 
responding  to  a  10-pulse  cumulative  exposure  at  p  =  8  atm,  and  AX  is 
determined  from  the  two  intercept  points  of  this  line  on  the  upper  trace  corres¬ 
ponding  to  a  20-pulse  cumulative  exposure  within  the  same  image  set. 

According  to  the  technical  data  sheet  supplied  by  the  Polaroid  Corpora¬ 
tion  {  DS  13),  the  spectral  sensitivity  of  the  Type  665  negative  film  we  use 
for  taking  the  second-order  spectrum  at  X  ~  616  nm  is  not  flat  but  degrades 
slightly  toward  the  infrared  at  a  rate  of  approximately  1  %  per  nm.  On  the 
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other  hand,  the  spectral  transmittance  of  the  Melles  Griot  03FCG009  filter 
we  use  for  blocking  the  unwanted  visible  light  at  the  entrance  slit  of  the  spec¬ 
trometer  (  Fig.  1 )  is  also  not  flat  but  degrades  toward  the  vacuum  uv  at  a 
rate  of  about  0.  8%  per  nm  at  X  »  308  nm.  Since  the  observed  value  of  AX 
in  the  present  experiments  is  not  much  more  than  1  nm  ( Section  5  ),  the 
systematic  error  in  AX  due  to  tilting  of  the  spectrum  by  the  combined  non- 
uniform  spectral  properties  of  the  film  and  of  the  filter  is,  therefore,  smaller 
than  1%.  In  addition  to  this  systematic  error,  however,  there  are  two 

sources  of  statistical  error  which  may  be  of  greater  significance.  The  first 
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is  the  pulse-to-pulse  amplitude  fluctuation  of  the  XeCl  B  E  -  X  Z  spontan¬ 
eous  emission  intensity  (Section 3  )  which  inevitably  causes  the  cumulative 
exposures  of  the  time -integrated  spectral  images  corresponding  to  the  upper 
and  lower  densitometer  traces  to  deviate  from  the  assumed  exact  2  :  1  ratio. 
The  second  is  an  instrumentation  noise  due  to  the  dithering  motion  of  the  strip 
chart  recorder  pen.  This  dithering  motion,  which  manifested  itself  in  the 
form  of  a  random  amplitude  fluctuation  of  the  densitometer  traces  ( Fig.  5  ) 
with  a  mean  period  of  ~  0.  05  nm  on  the  indicated  wavelength  scale,  is  found 
to  be  sensitive  to  the  servo  loop  feedback  setting  on  the  microphotometer  and 
is,  therefore,  somewhat  controllable  but  cannot  be  completely  eliminated. 

The  magnitude  of  statistical  error  due  to  both  sources  can  be  reduced 
by  increasing  the  number  of  consecutive  discharge  pulses  used  to  form  the 
spectral  image  sets  and  by  taking  averaged  values  of  AX  determined  from 
several  image  pairs  for  each  set  of  discharge  conditions. 


5.  EXPERIMENTAL  RESULTS 


The  FWHM  spectral  width,  AX  ,  of  the  XeCl  B  -  X  spontaneous 
emission  from  the  small  volume  discharge  in  dilute  Ne/Xe/HCl  and  He/Xe/HCl 
mixtures  has  been  measured  ever  the  pressure  range  0.  6  <  p  <  15  atm  using 
the  method  of  image  density  comparison  just  described.  In  Fig.  6 ,  we  show 
a  plot  of  AX  as  a  function  of  the  initial  gas  pressure  p  observed  at  three 
different  values  of  the  self- sustained  discharge  current  density  j  in  a  Ne  :  Xe  : 
HC1  =  989:  10:  1  mixture.  Each  plotted  point  represents  the  averaged  value 
of  AX  measured  from  four  image  pairs  taken  from  five  sequential  spectral 
images  of  the  type  illustrated  in  Fig.  3  .  At  the  lower  gas  pressures,  the  five 
images  are  obtained  from  an  exposure  sequence  of  5  ,  10  ,  20  ,  10  ,  and  5 
consecutive  discharge  pulses  for  each  image,  respectively,  at  a  repetition 
rate  of  approximately  1  pulse/sec.  At  the  higher  gas  pressures,  the  number 
of  consecutive  discharge  pulses  employed  in  the  exposure  sequence  is  increased 
to  10  ,  20  ,  40  ,  20  and  10  .  The  vertical  bars  drawn  about  some  of  the 
plotted  points  indicate  the  maximum  spread  of  the  four  measured  values  of  AX  , 
while  the  plotted  points  without  vertical  bars  indicate  that  the  four  measured 
values  of  AX  are  closely  bunched.  The  three  curves  fitted  through  the  three 
sets  of  experimental  points  corresponding  to  the  three  different  approximate 
values  of  j  clearly  show  that  at  a  fixed  current  density,  the  spectral  width 
AX  first  decreases  with  increasing  gas  pressure,  reaching  a  minimum  value 
at  p  w  7  atm,  and  then  increases  again  at  the  higher  gas  pressures.  All 
three  curves  are  similar  in  shape  and  are  vertically  separated  from  each  other 
only  by  a  few  percent  of  the  mean  value,  indicating  that  the  dependence  of  AX 
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Fig.  6  ( XIV ) 


Full  width  at  half-maximum  intensity  of  the  XeCl 
B  -  X  spontaneous  emission,  AX  ,  as  a  function  of 
the  total  gas  pressure  p  observed  in  the  small- 
volume  discharge  at  three  different  levels  of  the 
pulsed  current  density  j.  The  gas  mixture  is  of 
initial  mol  ratio  Ne  :  Xe :  HC1  *  989:10:  1  .  Each 
plotted  point  represents  the  averaged  value  of  AX 
measured  from  four  pairs  of  sequential  densitometer 
traces  [  Fig.  5  ( XIV  )}.  The  maximum  spread  of 
the  measured  values  of  AX,  if  greater  than  the  height 
of  the  plotted  point,  is  indicated  by  the  associated 
vertical  bar. 


on  j  is  relatively  weak.  In  fact,  the  fitted  curves  show  that  the  minimum 

spectral  width ,  (AX^j^  *  at  the  reversal  pressure  py  «  7  atm,  varies  only 

roughly  between  1.  1  and  1.  2  nm  over  the  current-density  range  0.  25  <  j  < 

,  2 

2  kA/cm  .  At  a  fixed  j  ,  the  amount  of  re-broadening  of  AX  at  twice  the 
reversal  pressure,  P  =  2pf  «  14  atm,  is  approximately  20%  of  the  corres¬ 
ponding  value  of  ( Aimin'  As  indicated  by  the  vertical  bars,  the  maximum 
deviation  of  AX  from  its  local  mean  value  is  only  about  5  %  .  The  observed 
reversal  of  the  narrowing  trend  of  the  XeCl  B  -«  X  emission  spectrum  at 
gas  pressures  greater  than  pr  is,  therefore,  very  clear  and  unmistakable. 

In  Fig.  7 ,  we  show  the  effect  of  using  helium  in  place  of  neon  as  the 
diluent  gas  on  the  spectral  width.  Here,  the  self- sustained  discharge  current 
density  is  fixed  at  j  ~  0.  5  kA/cm^.  The  initial  mixture  mol  ratio  is  kept 
constant  at  He :  Xe  :  HC1  *  Ne :  Xe :  HC1  =  989 :  10 :  1 .  The  fitted  experimental 
curves  show  that,  upon  replacement  of  neon  by  helium,  the  reversal  pressure 
pr  is  down-shifted  from  7  atm  to  about  4  atm  and  the  corresponding  value 
of  (AX  )m^n  increased  slightly  from  1.  16  to  about  1.  22  nm.  Above  the 
respective  values  of  pr  ,  the  gas  pressure  at  which  a  20%  re-broadening  of 
AX  is  observed  is  also  down-shifted  from  p  w  14  atm  to  p  »  9  atm. 

As  mentioned  earlier  in  Sec.  2 ,  the  temporal  variation  of  the  total 
(  spectrally-integrated)  XeCl  B  -  X^T  spontaneous  emission  intensity  is 
monitored  by  an  ITT  biplanar  photodiode  concurrently  with  the  photographic 
recording  of  the  time -integrated  spectrum  (Fig.  1).  In  Fig.  8,  we  show  the 
peak  intensity  of  this  total  spontaneous  emission  corresponding  to  the  various 
experimental  conditions  of  Fig.  6  and  7,  all  plotted  on  the  same  relative  scale. 


XeCt  B— X  SPECTRAL  WIDTH.  A\  { nm  ) 


TOTAL  GAS  PRESSURE,  p  (  Atm  ) 


Fig.  7  ( XIV  )  Experimental  results  showing  the  effect  of  changing 
the  diluent  gas  from  neon  to  helium  on  the  measured 
value  of  AX.  Both  sets  of  experimental  points  are 
obtained  at  the  same  level  of  the  pulsed  current  den¬ 
sity,  j  —  0.  5  kA/ cm^ ,  and  the  same  initial  mixture 
mol  ratio ,  He  :  Xe :  HC1  *  Ne  :  Xe  :  HC1  =  989:10:1. 

A  definite  shift  of  the  reversal  pressure  pr  is  quite 
evident  from  the  two  curves  fitted  through  the  mean 
values  of  the  respective  AX. 


Fig.  8  ( XIV  ) 


Variation  of  the  peak  value  of  the  total  (  spectrally  - 
integrated)  XeCl  B  -  X  spontaneous  emission 
intensity  with  the  gas  pressure  p  ,  the  current 
density  j  ,  and  the  choice  of  diluent  gas  observed 
in  the  small-volume*  pulsed  avalanche/ self  - 
sustained  discharge  using  a  Ne  :  Xe  :  HC1  =  He  :  Xe 
:HC1  »  989;  10;  1  mixture. 
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The  vertical  position  of  each  plotted  point  indicates  the  averaged  pulse-height 
of  the  photodiode  output,  which  is  assumed  to  be  directly  proportional  to  the 
XeCl  B  -  X  fluorescence  intensity  (Fig.  2).  The  vertical  bars  drawn  about 
some  of  the  points  represent  typical  fluctuations  of  the  pulse-height  observed 
in  random  sampling  of  5  consecutive  discharge  pulses.  These  results  show 
that,  in  contrast  to  the  very  weak  current-density-dependence  of  AX  (Fig.  6  ), 
the  spontaneous  emission  intensity  does  depend  strongly  on  the  current  density 
as  one  would  expect  from  a  general  consideration  of  the  XeCl  excimer  forma- 
tion  kinetics.  *  At  a  fixed  current  density  and  for  a  given  gas  mixture, 
there  exists  an  optimum  gas  pressure  for  maximizing  the  XeCl  B  popula¬ 
tion  density  and  the  XeCl  B  —  X  spontaneous  emission  intensity.  Such  an 
optimum  pressure  is  determined  by  a  competition  between  the  excimer  forma¬ 
tion  rate  and  the  collisional  quenching  rate.  The  curves  fitted  through  the 

2 

experimental  points  in  Fig.  8  indicate  that  for  0.  25  <  j  <2  kA/cm  ,  the  op¬ 
timum  gas  pressure  is  in  the  range  of  4  to  6  atm  for  the  Ne  :  Xe :  HC1  =  989  : 
10:1  mixture  and  somewhat  lower  for  the  He :  Xe :  HC1  -  989  :  10 :  1  mixture. 
Thus,  there  appears  to  be  some  correlation  between  this  optimum  gas  pres¬ 
sure  with  the  reversal  pressure  pr  defined  earlier  (Figs.  6  and  7),  and 

with  the  gas  pressure  at  which  the  XeCl  B  -X  laser  emission  from  the  small 

26 

volume  discharge  was  also  observed  to  be  the  strongest. 

6.  DISCUSSIONS 
3  8 

According  to  Tellinghuisen  et  al. ,  ’  the  observed  spectral  intensity 
distribution  of  the  XeCl  B  -  X  spontaneous  emission  in  the  ultraviolet  is  the 
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result  of  many  overlapping  vibrational/rotational  bands  from  the  various 

isotope  components  of  XeCl.  The  bandhead  locations  assigned  to  some 

specific  vibrational  transitions,  v'  —  v"  ,  for  the  more  abundant  component, 

35 

Xe  Cl,  are  as  indicated  by  the  vertical  arrows  in  Fig.  5.  The  emission 
intensity  from  each  band  spreads  only  to  the  shorter-wavelength-side  of  the 
bandhead.  Rotational  analysis  was  incomplete  since  the  rotational  struc- 

g 

ture  could  only  be  partially  resolved  in  some  bands.  At  high-v"  ,  the 

rotational  structure  tends  to  break  off  into  diffuse  emission  at  fairly  low  N, 

2 

as  the  X  £  level  becomes  rotationally  unbound. 

The  emitting  gas  sample  from  the  small-volume  discharge  is  optically- 
31 

thin,  so  that  the  partial  spectral  intensities  from  all  the  bands  are  additive. 
The  relative  contributions  from  the  various  bands  to  the  total  spontaneous 
emission  intensity  are,  therefore,  weighted  by  the  population  of  the  B  ( v'  ) 

g 

level  and  by  the  Franck-Condon  density  for  the  corresponding  B  ( v'  )  -  X  (  v"  ) 
transition.  As  indicated  in  Fig.  5 ,  the  primary  contributions  to  the  peak 
intensity  of  the  XeCl  B  —  X  spontaneous  emission  are  from  the  0  -  1  ,  0  -  2  , 
and  0-3  bands  over  the  wavelength  interval  307.9  s»  X  s»  308.  2  nm.  In 
the  vicinity  of  the  half-maximum-intensity  points,  X  »  307.  5  and  308.  7  nm, 
the  primary  contributions  appear  to  come  from  several  high-v"  bands  in  the 
v'  =  1  and  v'  =  0  sequences,  respectively,  as  well  as  from  spreading  of  the 
0  -  0  ,  0  -  1  ,  and  0-2  band  intensities  into  the  shorter  wavelengths.  By 
using  the  method  of  in  situ  film  sensitivity  calibration  described  in  Section 
4  ,  we  can  deduce  that  at  p  =  1  atm,  the  intensity  ratio  between  the  1-1 
band  at  X  »  306  nm  and  the  0-1  band  at  X  «  308  nm  is  approximately  1/2. 


At  the  three  higher  gas  pressures,  p  =  4  ,  8  ,  and  14  atm,  this  intensity 
ratio  is  about  a  factor-of-2  lower  and  assumes  a  nearly  constant  value , 
Iu/I0i  -  1/4. 

The  initial  decrease  of  I^/Iqi  when  p  is  increased  from  1  to  4  atm 
can  be  attributed  to  a  decrease  in  population  of  the  v'  =  1  level  relative  to 
that  of  the  v1  =  0  level  due  to  more  rapid  vibrational  relaxation  as  noted  by 
the  earlier  investigators  (Section  1 ).  A  corresponding  decrease  in  emission 
intensities  from  the  high-v"  bands  in  the  v1  =  1  sequence  may  account  for 
the  observed  narrowing  of  AX  with  increasing  gas  pressure.  At  p  £  4  atm, 
vibrational  relaxation  may  be  close  to  completion  so  that  the  population  of 
the  v1  levels  may  approach  the  equilibrium  distribution  corresponding  to  the 
prevailing  kinetic  temperature.  Vibrational  relaxation  then  ceases  to  be  a 
significant  factor  in  governing  AX .  The  experimentally  observed  intensity 
ratio,  Iu/Iqi  **  1/4  ,  is  quite  consistent  with  the  theoretical  quasi-equili¬ 
brium  value,  (  Ijj/Ioi  )eq(  *»  0.  20  ,  which  can  be  calculated  from  the  Franck - 
Condon  density  ratio  published  in  Ref.  8,  and  a  kinetic  temperature  T  =  450 

°K  based  on  adiabatic  joule-heating  of  the  Ne  :  Xe  :  HC1  =  989  :  1 0  :  1  mixture 

2 

at  p  =  4  atm  and  j  ~  2  kA/cm  during  the  peak  of  the  XeCl  B  -  X  fluores¬ 
cence  pulse  (  Fig.  2 ). 

There  are  several  possible  interpretation  of  the  observed  re-broaden¬ 
ing  of  AX  at  p  >  Pr  (Figs.  6  and  7)  which  are  consistent  with  a  constant 
population  ratio  between  the  v'  =  1  level  and  the  v'  =  0  level  implied  by  the 
invariance  of  Ijj /Iqi  *  ^he  simplest  explanation  is  collision-broadening 
of  the  individual  rotational  lines,  or  of  the  entire  rotational  structure  ,  of 
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all  the  strong  emission  bands  which  contribute  to  AX  (Fig.  5).  Approxi- 

30 

mate  calculations  by  Zhu  using  the  quasi -equilibrium  model  (with  inter¬ 
polated  rotational  constants  from  Ref.  8)  indicate  that  if  all  the  rotational 

lines  were  emitting  independently  and  were  collision-broadened  to  the  same 

-14  2 

Lorentzian  width,  an  optical  cross-section  of  the  order  of  10  cm  could 
produce  a  re-broadening  of  AX  at  p  >  pr  comparable  to  what  is  experi¬ 
mentally  observed.  Reliable  estimate  of  the  collision-broadening  effects 
on  the  XeCl  B  —  X  emission  spectrum,  however,  is  actually  quite  difficult 
in  view  of  the  uncertain  rotational  structure  and  the  partially -bound-free 
nature  of  the  B  ( v* )  -♦  X(v")  transitions  involving  the  high-v"  levels. 

An  alternative  interpretation  of  the  AX-re-broadening  phenomenon 
is  that  the  pressure-induced  (or  collision-induced)  effects  on  the  v'  -  v" 
emission  intensities  tend  to  favor  the  high-v"  bands  within  the  v'  =  0  and 
v'  =  1  sequences.  For  example,  it  is  well  known  that  collisional  quenching 
is  a  dominant  factor  in  suppressing  the  spontaneous  emission  rates  in  most 
rare  gas  halogen  excimers  at  high  gas  pressures.  Thus,  if  the  partial 
quenching  rate  coefficients  for  the  individual  v'  -  v"  emissions  do  depend 

on  v'  and  v"  in  a  maimer  similar  to  the  corresponding  Franck-Condon 
8 

factors,  the  quenching  collisions  would  suppress  the  low-v"  emissions  in 
the  vicinity  of  the  spectral  peak,  \  «  308  run,  more  severely  than  the  high- 
emissions  in  the  vicinity  of  the  half-maximum-intensity  points,  X  «  307.  5 
and  X  »  308.  7  nm.  The  net  result  is  an  apparent  increase  of  AX  with 
increasing  p  after  collisional  quenching  becomes  a  dominant  factor  in 
limiting  the  total  spontaneous  emission  rate  (Fig.  8). 
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